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CHAPTER I 

INTRODUCTORY LITERATURE  

Environmental contamination by explosives comes from several sources including 

historical washout lagoons that had received red water- which comes strictly from the 

manufacture of 2,4,6-trinitrotoluene (TNT), and pink water- stemming from load, 

assemble and pack (LAP) munitions operations, explosives research and development 

activities [1], as well as explosives use areas, such as training ranges [2-6].  Explosives 

fall into several categories; however, the foci of this report are two nitramine explosives, 

hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine (HMX), as well as two nitroaromatic explosives, 1,3,5-trinitrobenzene (TNB) 

and 2,4,6-trinitrotoluene (TNT). These compounds are typical recalcitrant constituents in 

soil at explosives-contaminated sites, and are the major contamination constituents found 

at the Idaho National Engineering and Environmental Laboratory (INEEL) and Pantex 

sites, specific to this body of research. 

The contamination presented by manufacturing wash water and processes produce 

streams containing explosives dissolved in water.  Such water-deposited contamination is 

more homogenous and relatively easier to remediate than explosives-use areas, which can 

harbor solid particles of explosives (Chapter 2 of this dissertation).  Additionally, the 

presence of the particulate explosives makes the initial site characterization difficult [5].  

The contribution of particulate explosives must be estimated in light of possible transport 

to receptors.  This represents a complexity in addition to the typical uneven soil 
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distribution of HE at contaminated sites [2-4, 7], as well as estimating the dissolution 

kinetics of particles [8-11]. 

A recent study reports that particles produced from detonated 155-mm Howitzer 

rounds are relatively friable, breaking down to smaller particles [5].  In that  study, the 

authors cite the published journal article comprising Chapter 2 of this dissertation, 

specifically noting our finding of predominantly larger, centimeter-sized particles, which 

they hypothesize are likely the result of faster aqueous dissolution and hence removal of 

smaller particles.  Further, they report that the two major morphotypes of TNT reported 

in our study probably result from the heat of detonation.  Particulate TNT having long 

crystals, and angular shapes are presumed to be fragments from the original cast, while 

more spherical TNT with smaller crystals result from the heat of incomplete detonations.  

Both types of TNT particles are reported in Chapter 2 of this dissertation. 

Given that the half-life of nonparticulate RDX in the environment typically ranges 

from 94 to 154 days [12] and that explosives contamination can persist for upwards of 50 

years (Chapter 2 of this dissertation), it is possible that dissolution of particulate 

explosives creates numerous small point sources of contamination and as a primary 

mechanism for spread of the contamination.  Using Pantex soil, the RDX in laboratory 

treated aerobic soil has essentially an infinite half-life, while under tight anaerobic 

conditions RDX reportedly has a half-life of 68 days [13].  Using packed soil columns in 

the field with anaerobic treatment, RDX has a half-life of 277 days [14].  Therefore, if the 

Pantex site includes particulate material as part of the contamination source, there would 

be an expected rebound of RDX contamination following in situ treatment techniques in 
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the vadose zone.  Particles would represent point sources for continual contamination of 

the vadose zone, potentially recharging the vadose zone with HE as the vadose zone 

recharged with water.  In this scenario, even robust HE degradation would show 

contaminant rebounding with water recharging events in the vadose zone. 

 

1.1  Microbial Metabolism of 2,4,6-Trinitrotoluene (TNT) 

In general, microbial transformation of nitroaromatic compounds initially 

proceeds by one of three pathways:  reduction of the nitro groups, a reduction of the 

aromatic ring via hydride addition (forming a Meisenheimer product) or oxygenation and 

removal of the nitro groups [15].  The most common reaction, the initial nitro reduction, 

will be discussed here. 

TNT quickly undergoes initial reduction of its nitro groups to their respective 

amines through enzymatic reactions conducted by both aerobic [15] and anaerobic 

organisms [16] (Figure 1).  Because nitro groups are quite electrophilic, microbes tend to 

reduce them easily, even under aerobic conditions.  Most reported microbial 

transformations include monoamine followed by diamine production from TNT [17, 18], 

but the process has been further documented to progress through hydroxylamino 

derivatives as a stepwise progression to the amines [19].  The reduction to the amines can 

be catalyzed by Type I nitroreductases [20].  Once aminated, the TNT transformation 

product may undergo conjugation reactions.  Considering the composting of explosives-

contaminated soil for example, the amine can covalently bind to soil organic matter such 

as humus where it becomes stable to organic extraction, but hydrolysable with acid or 



 

base treatments, until further “curing” (likely more covalent attachment points) occurs 

[21].  TNT mineralization to CO2 and nitrate is therefore typically insignificant, due to 

the TNT metabolites becoming covalently incorporated with humus [22].  While 

laboratory studies may show relatively complete reactions, field remediation of TNT 

contamination, particularly in soil, mostly terminates with covalent attachment to soil 

humus [23], which has been suggested as an adequate detoxification mechanism, 

particularly in compost systems for explosives remediation in soil [24-29].  The compost 

systems should be allowed to progress to a mature finished state [30] to avoid 

hydrolysable TNT intermediates [31]. 

CH3

NO2O2

NO2

N
O2N

CH3

NH2

NH2

CH3

NH2O2

NO2

N
CH3

NH2H2N

NH2

N N NO2

NO2

CH3

O2N

NO2

H3C

N N- NO2

NO2

CH3

O2N

NO2

H3C

O+

TNT TAT24DA6NT2A46DNT

Azoxy-dimerAzo-dimer Soil organic
matter

soil32 P. chrysosporium33

compost34

soil32

soil32

oxygen16CH3

NO2O2

NO2

N
O2N

CH3

NH2

NH2

CH3

NH2O2

NO2

N
CH3

NH2H2N

NH2

N N NO2

NO2

CH3

O2N

NO2

H3C

N N- NO2

NO2

CH3

O2N

NO2

H3C

O+

TNT TAT24DA6NT2A46DNT

Azoxy-dimerAzo-dimer Soil organic
matter

soil32 P. chrysosporium33

compost34

soil32

soil32

oxygen16

 

Figure 1.1. Some common transformations of TNT in soil and groundwater. 

 

1.2  Microbial Metabolism of Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and 

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 

RDX and HMX are cyclic nitramine explosives.  The microbial degradation of 

RDX is better understood than HMX.  RDX degradation occurs under several different 
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conditions (Figure 2).  RDX degrades under anaerobic conditions in general [35, 36]. 

Specific conditions that favor RDX anaerobic degradation are acetogenic [37], sulfate 

reducing [38], nitrate-reducing [39], and methane producing [40,41].  RDX degrades 

under aerobic conditions [33, 42, 43], although typically more slowly than in anaerobic 

conditions. 

Under anaerobic conditions, RDX is typically metabolized by one of three 

pathways.  The first pathway discovered involves the production of the nitroso-products: 

hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3-dinitroso-5-nitro-

1,3,5-triazine (DNX), hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) [44].  The next 

pathway was elucidated by Hawari, who found that RDX initially undergoes ring 

cleavage into the methylenedinitramine (MEDINA) and bis(hydroxymethyl)nitramine 

(HMN) ring cleavage products [45].  More recently, RDX has been shown to be both 

abiotically [46] and biotically converted into the ring cleavage product 4-nitro-2,4-diaza-

butanal (NDAB) [47], in culture and also as a major product during incubation with 

nonsterilized soil [48].  The RDX ring cleavage products MEDINA and HMN are 

reported to spontaneously degrade, ultimately forming nitrous oxide, molecular nitrogen, 

methanol, formic acid, and carbon dioxide [45].  Because the conditions of this reaction 

are anaerobic, pathways can be further traced to methane.  The RDX transformation 

product NDAB, however, has been found to be more persistent in soil but degraded in lab 

or field in response to challenges by the manganese dependent peroxidase system of the 

white-rot basidiomycete, Phanerochaete chrysosporium [48]. 
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Figure 1.2.  Transformations of RDX under several different environmental conditions. 

 

The other common nitramine explosive HMX degrades in a similar manner, 

although more slowly than RDX or TNT [12, 37, 55] (Figure 3).  HMX transforms into 

the HMX-mononitroso derivative [56], MEDINA [57], and NDAB [57].  

In general, the degradation of TNT, RDX, and HMX proceeds more completely 

and more quickly as the redox decreases (Figure 4).  In this dissertation, effects of 

electron activity, or redox potential, lead to the testing of anaerobic induction of vadose 

zone soil.  The entire research thrust was designed to keep laboratory tests compatible 

with systems that could be practically scaled up to the field scale (Figure 5). 
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Figure 1.3.  Transformations of HMX under several different environmental conditions. 

 

Due to the maturity of research in the area of RDX and HMX pathway 

elucidation, especially considering the broad conditions found at field sites, the 

toxicology of NDAB and the nitroso compounds from RDX and HMX should be 

estimated.  In particular, the cancer causing potential of these compounds is vitally 

important for understanding the health risk posed by explosives contaminated sites.   
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Figure 1.5.  Schematic showing the narrowing of legitimate testable variables in field 
scale cleanup compared with laboratory scale research. 
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1.3  Carcinogenic Potential of Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 

Only one study shows RDX is carcinogenic to mammals [62].  In this study, 

groups of 85 B6C3F1 mice per sex were administered RDX at doses of 0, 1.5, 7.0, 35.0, 

or 100.0 mg/kg/day for 24 months.  Ten rats/sex/dose were euthanized following 6 and 

12 months with surviving animals euthanized after 24 months.  A significantly higher 

number of combined hepatic adenomas and carcinomas were observed in females.  

However, RDX was not found to be carcinogenic in rats [63, 64].  I hypothesize that this 

disagreement in studies could be due to sporadic microfloral influences in the rodent gut 

on the anaerobic breakdown of RDX to the RDX nitrosamines. 

In December 2001, the U.S. Army and NIEHH released a reevaluation on the 

carcinogenic potential of RDX [65].  In this reevaluation, an NIEHS Pathology Working 

Group reviewed the initial findings of the 1984 study [62], including re-analysis of the 

microslides from the original study.  Their summary follows: 

“The reevaluation of the carcinogenicity has demonstrated 
that the carcinogenic potency of RDX was not as great as 
originally estimated.  Removal of the highest (100 mg/Kg 
day) treatment level from consideration (because it is above 
the MTD) leaves only one dose level (35 mg/Kg day) that 
is statistically different from the concurrently run controls.  
Therefore the finding of RDX as a possible human 
carcinogen is now based on the findings in one dose group 
in one gender of one species and then, only if the incidence 
of carcinoma and adenoma are combined and the statistics 
calculated using the remarkably low incidence of adenoma 
and carcinoma found in the concurrent controls.  Due to the 
equivocal nature of the carcinogenic response shown in 
previous studies it is unlikely that running another chronic 
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study in rodents would affect the current classification of 
RDX as a possible human carcinogen.  It is possible 
however that studies that detail the metabolism and mode 
of toxicity of RDX could affect this classification by 
removing the uncertainty now associated with the mode of 
action of this toxicant.” 
 

Thus the importance for elucidating the mechanism of action for RDX induced 

mutagenesis in mammals, if any, is of paramount importance. 

 

The nitro-organic nitroglycerin is a known vasodilator [66].  As such, the 

symptoms that occur from nitroglycerin poisoning include: a prompt fall in blood 

pressure, a roaring sound in the ears; a headache which is persistent and throbbing, with 

associated vertigo; a generalized tingling sensation, palpitations, and visual disturbances 

[67] hazardous substances data bank, HSDB.  Conversely, acute RDX exposure causes 

neurological damages.  In seven reports of RDX ingestion or inhalation by humans, short 

periods of headache, dizziness, nausea typically proceeded convulsions [68].  These 

health effects of RDX seem to be related to CNS toxicity, rather than general 

vasoconstriction as in the case of nitroglycerin. 

 

1.4  The Vadose Zone: Soil Gas Monitoring 

In the remediation of explosives in the vadose zone using vapor phase carbon source 

injections, it is necessary to monitor the soil gases along the respective flow paths.  Using 

solid phase microextraction (SPME) coupled to gas chromatography with mass selective 

detection (GCMS), we desired the ability to both quantify the expected compounds in the 

soil system, as well as identify unknown compounds.  By routinely using a GCMS 

http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/~5t13F0:1
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system in the scanning mode, the advantage is identifying unknown peaks.  However, the 

use of the scanning mode also decreases the sensitivity of the GCMS system.  Therefore, 

we used a preconcentration step, SPME, in order to concentrate the target analytes in 

proportion to the total injection gases.  Part of the study included a formal method 

validation, presented in Chapter 3 of this dissertation. 

SPME has been used for analysis of volatile constituents in air [69, 70], flavors 

[71-73] and volatiles from pharmaceuticals [74], plants [75], fungi [76-78], and bacteria 

[79, 80].  Our study initially focused on validating the SPME/GCMS method. 

SPME associated errors can come from differences between individual fibers 

[81], temporal effects [74], as well as temperature and humidity [82].  Still, SPME 

repeatability is reportedly better than charcoal tubes used in NIOSH-1550 [69].  The 

repeatability of a manual SPME method reportedly compares closely with an automated 

headspace method [83].  Rocha [73] found similar precision in an investigation on the 

effect of matrix volatile composition on relative response factors (RRFs) of flavor 

components in a wine model using polyacrylate SPME fibers.  The %RSD ranged from 

1.5 for 3-methyl-1-butanol to 12 for ethyl octanoate. 

In our system, SPME preconcentration was performed because we predicted a 

need to analyze a higher concentration of esters than the corresponding alcohols.  We 

therefore chose polyacrylate (PA) fibers as they are reportedly more sensitive to alcohols 

than PDMS fibers [84], while still being acceptable for esters, lessening potential 

abundance problems in the analysis.  The PA fibers sorbed for 15 minutes is reportedly 

optimal for precision over a range of volatiles [85]. 
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1.5  Problem Statement 

The subject of this dissertation is the degradation of explosives in vadose zone 

soils.  The experimentation is aimed at providing immediate field-decision support.  The 

hypotheses tested are: 1) adding carbon sources to explosives contaminated vadose zone 

soil promotes degradation of the explosives in the laboratory; 2) a SPME-GC-MS system 

would be adequate to monitor soil gases for such vapor phase soil treatment.  In testing 

these hypotheses, a shallow TNT-contaminated soil area was characterized (Chapter 2), 

then a method of monitoring soil vapors was developed and evaluated (Chapter 3).  The 

effects of added gaseous carbon sources on HE-contaminated soil were tested in the 

laboratory (Chapter 4), and the behavior of the gases was tested in the field (Chapter 5).  

Finally, a device for performing the laboratory-scale studies directly in the field was 

conceived, designed, fabricated and alpha-tested and patented (Chapter 6). 
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ABSTRACT 

A historical explosives testing area harbored contamination as unevenly 

distributed solid particles within a contaminant-stained soil matrix.  Particles larger than 

3mm diameter accounted for 96.4% of the explosives contamination.  Independent 

sampling and analysis methods showed significant differences in contaminant estimations 

due to particulate explosives.  We present a solvent-based sample averaging method 

designed to solve spatial heterogeneity problems resulting from the presence of the 

contaminant particles. 
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1. INTRODUCTION 

Assessing risk and defining remediation boundaries necessitates estimating 

contaminant concentrations.  Contaminant estimation in explosives-use areas is 

particularly difficult due to significant spatial heterogeneity (Jenkins et al., 1997a) 

resulting from uneven distributions of (1) explosives bound to the soil matrix (staining), 

(2) microcrystalline contamination, and (3) discrete explosive particulates. 

While contaminant estimation in soil is a relatively mature field, relatively few 

report the difficulties encountered with particulate explosives in soil.  Walsh et al. (1997) 

addressed particulate white phosphorus contamination in soil stemming from point 

detonating projectiles.  They reported that discrete sampling resulted in contaminant 

measurements over a range of six orders of magnitude.  The extreme spatial 

heterogeneity in turn was reported to require tight sample grid spacing.  To avoid the 

costly high sample numbers in such tight grid spacing, they reported that twelve 500 mL 

stirred composite samples estimated contamination levels as accurately as discrete 

sampling.  They also reported that sieved composite samples adequately estimated 

waterfowl-available white phosphorus.  Their white phosphorus study provides some 

insight into the analogous particulate nitroaromatic and nitramine contaminant 

distributions at explosive use areas.  However, unlike white phosphorus, dissolved 

nitroaromatic and nitramine explosives can persist in groundwater. 

Spatial heterogeneity of nitramine and nitroaromatic soil contaminations in 

explosives contaminated sites can be very high (Jenkins et al., 1997a,b).  For example, at 

three explosives contaminated sites, a 122 cm diameter area of soil harbored single 
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sample variations different from the mean by orders of magnitude (Jenkins et al., 1997a).  

The group reported field variance 10 times greater than typical analytical error (Jenkins et 

al., 1999).  The field variance due to spatial heterogeneity was reduced through on-site 

compositing and homogenization (Jenkins et al., 1997a,b, 1999).  Additional methods to 

reduce field variance reportedly include increasing the volume of extracted soil (Pitard, 

1989; Jenkins et al., 1997b) and analyte-particle size reduction (Jenkins et al., 1997a). 

Average contamination estimates are required for risk assessments of explosives-

contaminated sites.  Because the major toxicity driver for explosives such as 2,4,6-

trinitrotoluene (TNT) is carcinogenicity, as estimated through a slope factor (US 

Environmental Protection Agency, 2001); ppb to ppm levels of contaminants in 

groundwater, and in soils must be estimated (Comfort et al., 1995).  However, estimates 

of the concentrations of explosives in soil are useless if contaminant particles are present 

but not accounted for. 

In reviewing two independent investigations to characterize explosives 

contamination at the same site, we found intriguing analytical differences that appeared 

to result from the presence of solid TNT particles in soil.  In this paper we explore the 

problems presented by discrete particles of explosives in soil by making comparisons 

between composite sampling, on-site homogenization, on-site dissolution, and particle 

sieving. 
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2. MATERIALS AND METHODS 

2.1. Site 

The study site in this investigation is located in southeastern Idaho, within the 

Idaho National Engineering and Environmental Laboratory (INEEL) borders and is 

comprised of an approximately 60’ x 30’ unvegetated ellipse containing explosives 

contamination (Fig. 1).  All explosives contamination at the site is over 50 years old and 

stems from defense-related activities (Radtke et al., 2000a). 

2.2. Direct site sampling 

Soil collection methods emphasized obtaining samples that minimized distributional 

heterogeneity for estimating the average TNT concentration within the 30’ x 60’ study 

site.  The site was divided into 100, 3’ x 6’ sized grids (Fig. 1).  At each grid, dedicated 

stainless steel spoons were used to collect 7-10 g samples from the top 1 in. of soil.  Each 

grid rectangle was sampled six times according to Fig. 1, the sixth sample was a co-

located duplicate at the center position.  The samples were then combined and 

homogenized to comprise six composite samples; all the #1 subsamples combined, all the 

#2 combined, etc. (Fig. 1).  To homogenize and subsample, each composited sample was 

then placed on a tray, mixed by hand for 2-3 min using a spatula, and spread flat into a 

“cake.”  Individual sample jars were then sequentially filled using a one-dimensional 

incremental delimitation subsampling method (Pitard, 1989).  Each of the six composite 

samples therefore contained 100 subsamples from across the study area.  The six 

composite samples were then analyzed at a commercial, contract laboratory by method 

8330 (US Environmental Protection Agency, 1995). 
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2.3. On-site homogenization 

Two moderately contaminated areas within the site were selected based on visible 

soil discoloration (Fig. 1).  From both areas, soil was removed to a depth of 6 in. using 

hand shovels and placed onto two separate plastic tarps and homogenized by hand (three 

people simultaneously) with shovels for 30 min (Jenkins et al., 1999).  A total of 125 l 

soil was excavated to comprise homogenate #1, and 42 L for homogenate #2 (Fig. 2).   

2.4. Contract laboratory explosives analyses 

Four 250 ml grab samples from homogenate #1 collected and immediately sent at 

4°C in a chain of custody process to the contract laboratory for explosives analysis using 

US EPA SW-846-8330 (US Environmental Protection Agency, 1995).  Using method 

8330, 2 g of woil were subsampled from each of the four 250 ml grab samples and 

individually extracted and analyzed by HPLC using a methanol/water mobile phase with 

a C-18 column and UV absorbance detection at 254 nm.  We were informed after 

receiving the results that the standard operating procedure of the contract laboratory was 

to pick out particles larger than 4.5 mm in size before grinding the soil (Mueller, 1999). 

2.5. INEEL explosives analyses 

All samples analyzed at the INEEL were analyzed as follows.  The subsampling 

and extraction procedure employed by the contract laboratory was also used at the 

INEEL, with the exception that particles were not removed prior to grinding.  The U.S. 

EPA SW-846-8330 extraction method was used (US Environmental Protection Agency, 

1995).  Extracts were then analyzed with a 25 cm × 4.6 mm Alltech mixed mode C-18 

anion column (Griest et al., 1995) with a 2 cm Supelco C-18 guard column and a mobile 
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phase of 50% water-50% methanol and a flow rate of 0.64 mL/min.  Analytes were 

determined with a Waters 991 photodiode array detector at 254 nm (Bouvier and Oehrle, 

1995.  Slurries were sampled into 250 ml glass jars using disposable polypropylene 

scoops and dried in a hood overnight before analysis.  After drying, the soil was extracted 

and analyzed according to the procedure described above. 

2.6. Soil sieving 

From soil homogenate #2, five 250 ml grab samples were passed through a 3 mm 

sieve and the oversized TNT particles segregated were then weighed using a portable 

balance.  A subgroup of these particles was saved for explosives analysis by HPLC.  For 

calculating soil TNT concentrations, it was assumed that the soil weighed 1.2 g/ml (2000 

lbs/yd3). 

2.7. On-site contaminant dissolution 

Soil homogenates 1 and 2 were blended into acetone slurry batches in a modified 

portable cement mixer.  Two individual slurries were run for each soil homogenate, 38 l 

each for the first homogenate and 11- and 30-L batches for the second (Fig 2).  Each 

slurry contained a ratio of 2:1 unpacked soil to acetone by volume.  In soil homogenate 

#2, for the 30 l run, slurry samples were collected at 15 min intervals up to a total of 120 

min, with the omission of the 75-min interval.  After 120 min of mixing, eight 250 ml 

slurry samples were collected and passed through a 3 mm screen to ensure that complete 

dissolution of the TNT particles had occurred.  The 11 l run was performed with 

sampling times of 30 and 60 min.  Sampling times for soil homogenate #1 slurries were 

15 min for one 38 l run and 20 min for the other. 
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3. RESULTS AND DISCUSSION 

The soil was successfully homogenized (before slurrying), as evident by 12.5% 

and 11.5% relative standard deviations (RSD) for 2-amino-4,6-dinitrotoluene and 4-

amino-2,6-dinitrotoluene, respectively (Table 1).  These two amino products are 

biological transformation products of TNT and therefore should exist in soil to a greater 

extent than within particulate TNT.  A TNT photolysis product (Mabey et al., 1983) 

1,3,5-trinitrobenzene (TNB), similarly showed a low (21%) RSD.  However, TNB is also 

a TNT manufacturing by-product (US Department of the Army, 1984) and may have 

been within the TNT initially, so this like of evidence is less robust than that of the amino 

products. 

Two general types of particles were observed in the field, both looking identical 

from the outside, but revealing different physical textures when broken.  One had small 

crystals; the other had long, parallel, needle-like crystals.  Both of these particle types, 

when analyzed by HPLC, were found to consist entirely of TNT. 

The average number of TNT particles retained on the 3 mm sieve was 6.5 

particles for each 250 ml subsample from the homogenized soil pile.  Particles ranged in 

mass from 0.01 to 0.23 g.  The particles’ weight averaged 0.087 g; therefore, a given 250 

ml subsample contained an average of 0.59 g of particulate TNT over 3 mm in diameter.  

With the assumed soil weight of 1.2 g/ml, the screened particulate TNT therefore 

contributes 2000 ppm, while the “background” TNT concentrations, that averaged 75 

ppm, yield a final estimate of 2090 ppm (Table 2).  Larger particles were observed in the 

soil pile, but by chance were not collected during sieving.  Due to these larger particles, 
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the calculated 2090 ppm is likely an underestimation of the true TNT concentration in 

homogenate #2. 

The minimum sample size necessary for inclusion of a TNT particle may be 

estimated from the soil sieving data.  Assuming that the soil density is 1.2 g/mL, (2000 

lbs/yd3), 0.044 particles should be present in each 2 g sample from homogenate #2.  This 

corresponds to a chance of 1 particle (over 3 mm) in 22.7 2 g samples.  In other words, a 

total of 45.4 g soil from homogenate #2 must be extracted to theoretically ensure the 

inclusion of one TNT particle.  We were suggested that a factor of 7 should be applied to 

ensure accurate contaminant estimation (Walsh, 2000), bringing the total soil requirement 

to 318 g.  Because there are fewer larger particles (>10g) at the site, there is an even 

lower probability of collecting one of these. 

The most striking aspect of this study is the difference in contaminant 

concentration averages between our analytical results of 39 100 ppm TNT compared with 

the contract laboratory average of 110 ppm TNT (Table 2).  This large discrepancy 

between samples from a common homogenized soil pile is a direct result of the 

embedded particulate TNT. 

In directly sampling the entire site, no particles were evidently analyzed (Table 2).  

This could be due to the small, 2 g sample size used for analysis, that particles of TNT 

may have been removed by the laboratory before extraction, and/or that the samples 

consisted of composites from the entire site and did not focus on the particularly heavily 

contaminated areas. 
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Correspondingly, the 4 contract laboratory-analyzed samples from homogenate #1 

had a low average TNT concentration and standard deviation, evidence that a particle was 

not included.  The lack of a TNT particle in the data set could be due to the small, 2 g 

analytical sample size (Jenkins et al., 1999) or the possibility that TNT particles were 

removed in the laboratory before extraction.  In contrast, direct samples from 

homogenates #1 and #2 analyzed by the INEEL each contained small particles of TNT 

(Table 2).  Outliers were not removed because elevated TNT concentrations within the 

data set were easily confirmed as to their accuracy, and the visual and sieved 

contamination in the field provided further assurance that the points were real (Taylor, 

1987).  Combined, the RSD for the direct analyses of soil homogenates averaged 134%.  

Because the contaminant exists as particles, mixing the soil without further size reduction 

of the particles does not result in a true homogenate (Walsh et al., 1997). 

The 17-27% average RSD for the 4 slurries indicates adequate slurry soil volumes 

sample sizes to accurately assess the contamination, as well as complete dissolution of 

the particles.  Therefore, the best estimate for TNT contamination in soil homogenate 1 is 

approximately 350 ppm, and about 7500 ppm for homogenate 2 (Table 2).  These 

respective contaminant estimations reflect the average contamination that would be 

arrived at if the entire 76 l (homogenate 1) and 41 l (homogenate 2) soil slurries were 

divided into 2 g samples and individually analyzed by method 8330.  This would 

correspond to 45 600 2 g samples for homogenate 1 and 24 600 samples for  

homogenate 2. 
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The slurries evidently dissolved the explosives particles within the first 15 min 

with no observable chemical degradation.  We were initially concerned that TNT would 

degrade due to contact with the metallic iron cement mixer interior (Hundal et al., 1997), 

but in practice we did not observe significant analyte losses, even up to 120 min of 

mixing time.  If slurrying is used as a formal characterization tool, a nonreactive interior 

surface should be used. 

There was a significant difference (p < 0.05) between the concentration means of 

slurries from homogenates #1 and #2 (Table 2).  This is likely due to a real difference in 

overall contaminant concentrations in homogenates #1 and #2.  Within homogenate #1, 

there was a significant difference (p < 0.05) in the concentration means between the 

slurries and the CLP direct soil analysis.  These differences were not surprising as the 

homogenates were from different areas within the contaminated area. 

From a regulatory or risk assessment standpoint, the goal may be to ascertain 

realistic leaching potentials as well as gain insight into the total amount of contamination 

present.  This is a difficult task, because TNT particles dissolve slowly into water 

(Gilcrease et al., 1997) and in a field situation little is known about the surface area of the 

explosive particles.  Although the leachability of explosive particles is low, the particles 

persist longer than contamination found as a stained soil and are more difficult to 

remediate (Radtke et al., 2000b). 

TNT particles may also present a detonation/deflagration hazard, as the particles 

are essentially pure explosives.  Explosives contaminated soil tested for reactivity to 

shock and flame has been found to be relatively safe at levels under 12% explosive (US 
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Department of the Army, 1987).  However, these tests were designed for soil 

contaminated from the discharge of explosives contaminated washwaters.  Although an 

explosion will likely not propagate through the entire soil matrix, the presence of 

explosive particles may require a separate safety analysis.  It is also noteworthy that the 

primary hazard associated with explosives dissolved in solvents resides with the 

flammability of the solvent, rather than with the explosive (US Department of Energy, 

1996). 

4. CONCLUSIONS 

The presence or absence of contaminant particles > 3 mm drastically altered the 

analytical concentration results using 2 g analytical subsamples.  Inclusion of a TNT 

particle in the sample set resulted in a greatly elevated average concentration, as well as 

large increases in the standard deviation.  Conversely, sampling which “missed” particles 

gave lower observed TNT concentrations and associated standard deviations.  The 

variances observed were directly attributable to particulate TNT.  The contract 

laboratory’s procedure of removing particles potentially composed of the target analyte is 

obviously unacceptable, but understandable,  as weathered particles of explosives can 

closely resemble pebbles. 

Grouping or segregation error induced by subsampling at the analytical laboratory 

is more subtle and difficult to control (Flatman and Yfantis, 1996).  If a significant 

fraction of the explosives contamination at a site resides in dispersed particles, even well 

mixed composites containing large numbers of subsamples will be effected by further 

subsampling. 
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Dissolution of contaminated soil in acetone slurries on-site may alleviate some of 

the sampling problems due to the presence of particles.  Large on-site slurries should 

reduce fundamental error due to compositional heterogeneity, by allowing larger samples 

with evenly distributed molecular-level contaminants, and also minimize distributional 

heterogeneity (Radtke et al., 2000b). 

The inherent uncertainty resulting from explosives particles in soil should 

ultimately dictate sampling sizes and frequencies.  It should be good practice to perform 

preliminary field sieving to gain insight into particle sizes and distributions before 

designing a sampling and analysis plan. 

Field averaging using acetone slurrying should work also with RDX, HMX, tetryl 

and TNT which have solubilities in acetone (20C) of 6.8, 75, 0.96 (25C) and 109 g/100 g-

solution, respectively (US Department of the Army, 1984).  However, polymer-based 

explosives likely will not respond as well but another solvent might provide similar 

benefit.  Again, we recommend preliminary field screening to better understand a site’s 

specific contamination before performing a formal chacterization.  Sieved fragments may 

be added to small vials of acetone to see if the solvent-based sample averaging system if 

feasible. 

At the INEEL site, all the methods used to estimate average explosives 

concentrations in the soil yielded average contaminant concentrations above the 

established threshold value of 44 ppm TNT, and therefore dictate treatment.  The 

differences in sampling methods therefore had no real bearing whether treatment was 

required, but could have a major bearing on the treatment method selected.  However, the 
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vast differences in contaminant concentrations due to particles of explosives will be 

significant if a “no action”, or natural attenuation option is selected.  As in all 

characterization activities, logistics and economics will partially drive the choices for the 

field sampling and laboratory analytical schemes. 

 Particulate explosives in soil may also impact remediation efforts.  From the 

remediation perspective, the total contamination present is important so upper limits of 

effective remediation are not exceeded.  Furthermore, remediation methods requiring 

aqueous dissolution of particulate explosives may be inadequate. 
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Fig. 2.1.  Study area showing Homogenate locations, grid layout, and composite sample 
locations within each grid unit.
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Fig. 2.2. Sampling methods schematic for the two soil homogenates. The number 
of replicates is listed parenthetically.  Dissolve denotes acetone slurrying as described in 
the Section 2.  Samples analyzed at a commercial, contract laboratory are labeled “CLP,” 
while analyses at the Idaho National Engineering and Environmental Laboratory are 
termed “INEEL.” 
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Table 2.1. Soil homogenate HPLC results for several analytes, analyzed at the 
INEELa

aThe average is reported as the arithmetic mean of 8 samples. 

Compound Average (mg/kg-soil) SD (ppm) RSD (%)
2-Amino-4,6-dinitrotoluene 3.3 0.4 12.5
4-Amino-2,6-dinitrotoluene 1.9 0.2 11.5
2,4,6-Trinitrotoluene 39 100 110 000 280
4-Nitrotoluene 0.5 1 182
2-Nitrotoluene 1.4 0.2 16.2
2,4-Dinitrotoluene 0.7 0.5 77.8
2,6-Dinitrotoluene 0.4 0.3 67
Nitrobenzene 1 0.6 62.2
1,3,5-Trinitrobenzene 40.6 8.4 20.7
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Table 2.2. HPLC results from this investigation 

aCLP denotes samples sent for analysis at the certified commercial laboratory.  All 
othersamples were analyzed at the INEEL as described in Section 2.

Source Sample preparation Total replicates Average S.D. (ppm) RSD (%) High/
method, lab [TNT] (ppm) (ppm) (%) low ratio

Site Direct, CLPa 6 463 406 87.6 128
Homogenate 1 Direct, CLP 4 110 67.7 61.5 3.5
Homogenate 1 Direct 8 39,130 109,900 281 6258
Homogenate 1 38 l slurry 7 325.9 80.5 24.7 1.9
Homogenate 1 38 l slurry 7 474.5 78.2 16.5 1.5

Homogenate 2 Direct 14 19,000 36,800 193 273
Homogenate 2 sieve + background 5 2089 555 26.6 1.9
Homogenate 2 30 l slurry, 120 min (only) 7 7414 1988 26.8 2.1

Homogenate 2 30 l slurry, 15-120 49 7628 1492 25.5 9.3
min (combined)

Homogenate 2 11 l slurry 14 7740 1256 16.2 1.7
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and their Respective Alcohols Using Solid-Phase Microextraction-Gas 
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chromatography a, volume 1066, 2005)
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ABSTRACT 

A solid-phase microextraction (SPME)-GC-MS method for three esters and the 

corresponding alcohols was tested for responses in accuracy, within-run precision 

(repeatability), and between-run precision (reproducibility) due to individual operators, 

individual analysis days, and differing analyte concentrations.  At 5 ppm (v/v) [ppmv], 3 

of the 6 analytes showed significant (p<0.05) operator effects, while 5 of 6 analytes gave 

a significant effect due to the days of analysis.  At 20 ppmv, 5 of the 6 analytes gave 

significant operator and daily effects.  At 100 ppmv, all the analytes showed significant 

daily effects but no operator effects were observed.  The repeatability was concentration 

dependent, with all 6 analytes combining for an average RSD of 12.1±6.1% at 1 ppmv, 



 

 
42 

becoming most precise at 50 ppmv at 1.01±0.45%, then increasing at 100 ppmv to 

4.12±1.88%.  The contributors to error trended as:  concentration>daily effects>operator. 

 

Keywords: SPME, GC-MS, volatiles, soil gas, ester, alcohol 
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INTRODUCTION 

Solid-phase microextraction (SPME) for the analysis of volatile analytes has 

many advantages and is well established.  SPME coupled with GC-MS provides a 

powerful investigative and quantitative tool which has been employed for many diverse 

disciplines including the analysis of volatile constituents in air[1,2], flavors[3-5] and 

volatiles from pharmaceuticals[6], plants[7], fungi[8-10], and bacteria[11,12].  Screening 

volatiles from these sources, a wide range of compounds may be found and quantified. 

The between-run precision (reproducibility) and within-run precision 

(repeatability)[13] of SMPE-GC-MS has been questioned for reasons including fiber to 

fiber variation[14,15], matrix effects[3,5,14], fiber aging[14], temperature variations [16], 

and general changes in experimental conditions[3].  For example, one group reported that 

“poor reproducibility typically plagues SPME,” in a headspace study quantifying 

derivatized tributyltin[17].  In response, they then developed an isotope dilution method 

which improved the reproducibility.  Because individual analytes have different 

partitioning properties, using isotope dilution for each analyte should provide the best 

quality data possible, but this practice would need to be weighed against the increased 

costs. 

Day to day effects on SPME precision have been quantified and reported.  Using 

an ion trap MS and a PDMS fiber, with 7 replicate injections, the mean RSD for 8 

compounds was 2.3% for a given day, and increased to 3.1% as the pooled data by one 

analyst on the same instrument over three consecutive days[6].  In this system there was 

therefore little difference between repeatability and reproducibility, in contrast to other 



 

 
44 

reports.  Consistent stirring was reported to be one of the most important factors for better 

precision. 

A study on flavor analysis using PDMS with GC-MS reports the RSD ranged 

from 0.5% for phenylethyl alcohol to 18.3% for triacetin and 17.8% for ethyl acetate[3]. 

The authors of this study observed an average RSD of 7% is generally acceptable in trace 

organic analysis, revealing that of the 22 compounds reported, 32% exhibited an 

unacceptably high variation.  This is similar to the repeatability reported using a 

polyacrylate fiber, where the average RSD was 11% for acetone, ethanol, and 13 fatty 

acids.[4]  

The repeatability using SPME is reportedly better than charcoal tubes.  It was 

found that charcoal tubes (National Institute for Occupational Safety and Health 

[NIOSH]-1550) RSDs ranged from 16 to 41% for C5-C15 alkanes, compared to 2-6% for 

100 um PDMS coating SPME sampling[1].  In comparisons using benzene, toluene, 

ethylbenzene and xylene (BTEX) compounds, the accuracy was not significantly 

different in charcoal vs. SPME, while SPME was more precise, resulting in RSDs of 1.6, 

3.8, 3.9, and 4.8%; much tighter than the corresponding charcoal tube 5.0; 6.3; 7.1; and 

19% RSDs respectively, for benzene, toluene, ethylbenzene, and p-xylene standards.  

There was a minimum 10-fold reduction in sampling time for air monitoring of SPME 

versus. NIOSH charcoal tubes. 

Further, a manual headspace SPME method has been compared with an 

automated static headspace method for alcohols and esters in beer, using 1-pentanol as an 

internal standard[19].  Manually using polyacrylate SPME with GC-flame ionization 
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detection (FID), the RSD in prepared standards (n=7) ranged from 1.80 to 10.80%, with a 

mean of 5.5%.  Similarly, the automated static headspace method ranged from 1.3 to 

10.0% RSD, with a mean of 3.1%.  In a beer matrix, the manual SPME method again 

compared closely, with a range of 0.31% to 6.8% and a mean of 3.0% (n=3), compared to 

the automated static headspace method, which produced a RSD range of 0.32% to 10.2%, 

with a mean of 2.5%.  The repeatability of the manual SPME method in this report 

therefore compares closely with the automated headspace method. 

Rocha[5] found similar precision in an investigation on the effect of matrix 

volatile composition on relative response factors (RRFs) of flavor components in a wine 

model using polyacrylate SPME fibers.  The RSD ranged from 1.5% for 3-methyl-1-

butanol to 12% for ethyl octanoate.  Interestingly, a temporal replacement effect was 

found, with ethyl decanoate displacing both ethyl octanoate and ethyl hexanoate. 

Namiesnick[16] reported that accuracy is effected by the temperature and 

humidity of the SPME binding matrix.  This is important in that the precision may not be 

affected, but the accuracy might.  The group reports that compared to dry SPME 

sampling, at 92% humidity (20°C) there were quantification losses about 70% for 

chlorobenzene, 60% for toluene and p-xylene, and 30% for CCl4 and n-decane.  This 

factor may not plague precision but might become a problem with accuracy in gas 

samples from the field, as gas calibration standards are typically made dry, while the 

environmental samples may have large differences in humidity. 

From these studies, it becomes apparent that finding the unique variation for each 

specific application and possibly for each run would be a good practice.  The analytical 
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reproducibility and repeatability of three small esters and their associated alcohols is the 

focus of this paper.  We developed a method for monitoring soil gases in a subsurface 

remediation application.  Specifically our goal was to develop a method to quantify three 

small esters and their corresponding alcohols routinely, yet leave room for qualification 

and further quantification of TIC’s in the soil gas samples.  As such, a SPME 

preconcentration was performed before analysis by scanning GC-MS.  In our field 

remediation system, we predicted a need to analyze higher concentrations of esters than 

the corresponding alcohols, and therefore chose polyacrylate (PA) fibers for the increased 

sorption of alcohols compared to PDMS fibers[20], while still being acceptable for esters, 

lessening potential abundance problems in the analysis.  The PA fiber sorbed for 15 

minutes is reportedly optimal for precision over a range of volatiles[21].  Carboxen 

SPME fibers were used occasionally for qualitative screens, but were not used for 

quantification due to the inherent uncertainty of matrix effects in our field samples, the 

competition for sites on this style of fiber, and the high expected concentrations of all 

analytes expected in our application.  We statistically tested our data to determine if 

individual operators and daily intra-operator variances effected quantification of several 

volatile compounds over a four day interval. Concentration dependent effects on 

repeatability were assessed, and the reproducibility of the method over six months is also 

presented. 
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EXPERIMENTAL 

SPME.  The 85 µm polyacrylate fibers (Supelco No. 57318) with a manual 

SPME fiber holder (Supelco 57330-U) were used with a 15 min sorption time at room 

temperature and a 2.0 min desorption time at 280°C.  The high inlet temperature was 

chosen to ensure the recovery of heavier volatile and semivolatile compounds, to 

complement the scanning MS detection system for the detection of a wide range of 

analytes [22-24].  Initially, we determined that target analytes were stable under these 

conditions. 

GC-MS.  We used an Agilent 6890 Series GC System with an Agilent 5973 

Network Mass Selective Detector, and an HP-624 Special Analysis Column, 

(HP19091V-402 capillary 25.0 m X 200 µm I.D. X 1.12 µm nominal).  Helium was the 

carrier at 27 cm/sec average velocity, the temperature program began with a 2 min hold at 

40 °C, ramping to 110 °C at 8 °C/min and holding 2 min, then ramping at 20 °C/min to 

180 °C and holding an additional 5 min, for total run time 21.25 min.  A 0.75 mm ID 

injection sleeve (Supelco No. 2-6375) was used with a split ratio of 20:1 and a split flow 

rate of 9.5 mL/min for a total flow 12.9 mL/min (gas saver off).  The quantified ions and 

retention times of the analytes are listed in Table 1.   

Standards.  Gas standards were prepared by dilution with UHP nitrogen in 2.0 L 

9”X9” Tedlar bags (Alltech No. 41049, Deerfield, IL) using an initial standard from 

Norlab (Boise, ID) containing100 ppm (v/v) [ppmv]  propyl acetate, 99.8 ppmv isopropyl 

acetate, 99.7 ppmv isobutyl acetate, 100 ppmv propyl alcohol, 100 ppmv isopropyl 
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alcohol, and 99.7 ppmv isobutyl alcohol with the balance nitrogen.  The final volume was 

1 L in the 2 L bags, leaving room for mixing by hand. 

Validation.  Initially, standards of 5, 20 and 100 ppmv were injected 6 times each 

by two individual operators on 4 different days, with an MS autotune at the beginning of 

each day.  Nested ANOVA was used to estimate the contribution of operator and day 

effects to the overall variation in instrument response.  Analyses were conducted using 

SAS/STAT software, Version 8 of the SAS System for Windows ( SAS Institute Inc., 

Cary, NC, USA). 

Running standard curves for field sampling were performed using single 

injections of 1, 5, 20 and 100 ppmv preparations over 9 weeks.  The MDLs were 

estimated as per 40 CFR 136, Appendix B, with 9 replicate injections of 1 ppm of a mix 

of all 6 standards in nitrogen. 

 

RESULTS AND DISCUSSION 

The means and relative standard deviations (RSDs) varied by day and by 

concentration (Table 2).  Within individual days, the variation ranged from 1.18 to 18%.  

Isobutyl alcohol gave a daily RSD that ranged from 1.86 to 5.80%.  When the four days 

of data for isobutyl alcohol were pooled, the RSD was 11.4%.  This shows the daily 

repeatability was considerably (3.5X) tighter than the reproducibility over the 4 days.  

The pooled isobutyl alcohol repeatability was similar to the precision found between 

individual fibers and within one fiber, which had intra-fiber RSDs of 9.4, 10.1, and 

11.9%; and an interfiber (combined) RSD of 10.4%[15].  The system gave 1.91 to 9.94% 
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repeatability and 12.9 to 18.5% reproducibility for n-propyl acetate.  This is comparable 

with the previously reported RSD for n-propyl acetate of 12.0% and 5.1% for two 

separate fibers[18].  

All but two of the comparisons showed daily effects (Table 2).  In contrast, 

significant operator effects (p-values) were observed in 3 of 6 analytes at 5 ppmv, 5 of 6 

at 20 ppmv, and none at 100 ppmv.  This difference in operator error between 

concentrations possibly reflects variances manifested during the production of the 

standards.  At 100 ppmv the bags were simply inflated with 100 ppmv from a standard 

tank.  The 5 ppmv and 20 ppmv standards were made fresh by diluting the 100 ppmv 

standard.  Therefore, operator errors at concentrations requiring dilution might be due to 

errors in making the standards as opposed to error generated from the SPME-GC-MS 

procedure.  The distribution of the total variance agrees with this concentration dependent 

finding (Table 2). 

The esters gave the best repeatability from 50 to 80 ppmv while the corresponding 

alcohols gave the best results at 10 to 20 ppmv (Figure 1).  Rocha also used polyacrylate 

SPME fibers with GC-FID quantification and found a similar loss of reproducibility at 

the low concentrations tested, but without a loss at the upper concentrations[5], this 

difference is possibly attritutable to the increased linear range of FID over MS. 

Means of pooled data from the running standards over 8 weeks show that data are 

linear (Table 3).  The loss of repeatability of the esters at the higher concentrations 

(Figure 1) is therefore likely not an effect attributable to going above the linear 

calibration range.  At the lower end, the 1 ppm standards show higher RSD values 
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compared to the RSD values for 5 to 100 ppmv.  This suggests that 1 ppm is approaching 

the instrument detection limit, and indeed the MDL’s were 0.41 ppmv for n-propyl 

alcohol; 0.27, isopropyl alcohol; 0.67, isobutyl alcohol; 0.21, isopropyl acetate, 0.13, n-

propyl acetate; and 0.25 for isobutyl acetate. 

 

CONCLUSIONS 

Using identical procedures, a single newly purchased and conditioned fiber, the 

same Tedlar bags, the same tank of standards, identical handling procedures, and the 

same hardware, there were still significant differences between individual days and also 

between individual operators.  The differences found between operators may be partially 

attributable to the dilution of the standards in the lower concentrations, and in all cases 

were not predictable. 

The RSD for within-run precision (repeatability) averaged 5.5±3.9, 2.5±1.2, and 

3.1±1.7% for 5, 20, and 100 ppmv respectively of the 6 analytes, compared to 13.4±3.1, 

16.3±2.1 and 12.3±0.7% for the between-run precision (reproducibility) for the three 

concentrations.  Overall, the precision of SPME-GC-MS in this study compared closely 

to the typical 2 to 10%[25] precision of quantitative MS, and within the 15% requirement 

presented in Environmental Protection Agency (EPA) Method SW846-8260B.  In this 

study as well as in previous reports, the precision was difficult to predict and account for, 

and tended to change considerably over time, sample sets, compounds tested, and 

operators.  The contributors to error trended as:  concentration>daily effects>operator. 
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Using SPME-GC-MS for screening a wide range of volatiles is powerful, 

however method validation using this system should be approached carefully, particularly 

considering that the number of samples required to achieve a given confidence is in 

proportion to the square of the empirically derived variation.  Although currently not 

available in a system compatible for use with Tedlar bags, automated sampling should 

eliminate some of the indeterminate error, as should the use of appropriate internal 

standards, particularly using isotopic dilution [17].  Even so, because of the degree of 

complexity in the total system, it may be beneficial to run a series of matrix spiked 

samples daily to estimate the complete system variability if the sample priority is high, 

and particularly if the matrix is expected to vary. 
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Table 3.1.  Retention times and quantified ions of the target analytes. 

 Isopropyl 

alcohol 

n-propyl 

alcohol 

Isobutyl 

alcohol 

Isopropyl 

acetate 

n-propyl 

acetate 

Isobutyl 

acetate 

tR (min) 3.8 5.12 6.74 6.97 8.32 9.84 

Quantified  

Ions: 

      

Target 

(amu) 

45 59 43 43 43 43 

Q1 (amu) 43 42 41 61 61 56 

Q2 (amu) - 60 - 87 73 73 

______________________________________________________________________________



 

_______________________________________________________________________________ 

Table 3.2.  Method performance from 6 replicate injections with the same polyacrylate fiber by 2 
independent operators on 4 separate days, arithmetic means and variation in RSD; two way nested ANOVA 
tests for operator and daily effects. 
 

Detector Response: mean (RSD as %)
Level: 5 ppmv

Day operator isopropyl alcohol n -propyl alcohol isobutyl alcohol isopropyl acetate n -propyl acetate isobutyl acetate
1 1 4374 (18.3) 1736 (9.28) 9837 (3.76) 9085 (15.0) 20,816 (9.94) 31,125 (6.23)
2 1 4794 (5.37) 1881 (3.46) 8365 (3.15) 10,740 (2.82) 21,744 (3.50) 29,202 (4.19)
3 2 5964 (3.30) 2252 (3.95) 10,087 (4.31) 12,822 (4.06) 26,134 (4.26) 34,490 (4.32)
4 2 6112 (4.70) 2391 (5.11) 10,186 (3.26) 13,359 (3.60) 28,279 (2.83) 37,649 (2.67)

1,2,3,4 1,2 5311 (16.4) 2065 (14.2) 9619 (8.53) 11,501 (16.4) 24,243 (13.9) 33,117 (10.8)
variance source statistic

operator P value 0.0226 0.0364 0.2958 0.0674 0.0367 0.0856
operator % of total variance 82.3 85.7 28.8 78.6 85.9 75.2

day P value 0.2629 0.0231 0.0001 0.004 0.019 0.0012
day % of total variance 1.2 5.4 57.3 11.0 5.5 14.7

Level: 20 ppmv
Day operator isopropyl alcohol n -propyl alcohol isobutyl alcohol isopropyl acetate n -propyl acetate isobutyl acetate

1 1 19,555 (6.10) 7684 (2.94) 38,647 (3.65) 37,620 (5.09) 80,429 (3.37) 119,958 (2.97)
2 1 17,566 (2.46) 7258 (1.39) 31,303 (2.31) 35,270 (2.27) 77,589 (2.15) 109,020 (2.00)
3 2 25,377 (1.35) 10,417 (2.84) 43,925 (1.86) 53,017 (1.68) 114,536 (3.08) 158,230 (2.16)
4 2 24,260 (1.55) 10,054 (2.91) 41,592 (2.22) 51,132 (1.18) 112,290 (2.17) 154,674 (1.39)

1,2,3,4 1,2 21,698 (15.5) 8854 (16.3) 38,867 (12.7) 44,260 (18.4) 96,211 (18.5) 135,470 (16.2)
variance source statistic

operator P value 0.0316 0.0101 0.1808 0.0092 0.0028 0.0183
operator % of total variance 91.8 96.8 59.3 97.3 98.5 95.6

day P value 0.0001 0.0028 0.0001 0.001 0.0873 0.0001
day % of total variance 5.9 1.7 38.1 1.6 0.3 3.5

Level: 100 ppmv
Day operator isopropyl alcohol n -propyl alcohol isobutyl alcohol isopropyl acetate n -propyl acetate isobutyl acetate

1 1 102,005 (7.57) 42,175 (5.86) 203,963 (5.80) 190,957 (5.45) 413,934 (4.47) 639,564 (3.84)
2 1 84,692 (2.76) 35,135 (2.08) 152,223 (3.01) 166,059 (2.24) 360,239 (2.18) 514,614 (2.42)
3 2 93,278 (3.40) 38,782 (3.13) 165,425 (3.68) 187,451 (1.30) 414,760 (1.91) 585,265 (2.00)
4 2 112,474 (1.97) 46,891 (1.50) 197,989 (1.89) 229,646 (1.47) 505,438 (2.06) 715,096 (1.94)

1,2,3,4 1,2 98,112 (11.5) 40,746 (11.4) 179,900 (12.9) 193,438 (12.4) 423,593 (12.9) 613,635 (12.5)
variance source statistic

operator P value 0.5378 0.5176 0.9167 0.3412 0.3001 0.5024
operator % of total variance 0 0 0 20.3 30.6 0

day P value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
day % of total variance 89.1 93.0 94.6 75.3 70.0 96.7

 
 

________________________________________________________________________ 
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Table 3.3.  Data from standard curves spanning a period from 11/27/02 to 6/6/03  
(n=9). 
 

pooled pooled
MEAN 1 ppm STD 5 ppm STD 20 ppm STD 100 ppm STD slope y-int rsq

n-propyl alcohol 172 2009 8074 39058 391 14 0.99988
isopropyl alcohol 850 5381 20559 95066 946 671 0.99973

isobutyl alcohol 1556 9729 38706 184660 1843 616 0.99989
isopropyl acetate 2411 10565 40268 189037 1879 1383 0.99989
n-propyl acetate 3902 22963 85968 404074 4021 2569 0.99984
isobutyl acetate 5511 33108 127937 616690 6152 2009 0.99994

 
pooled Running Standard Curves: Y-intercept

STDEV 1 ppm STD 5 ppm STD 20 ppm STD 100 ppm STD max min mean
n-propyl alcohol 186 672 2738 12033 780 -533 16

isopropyl alcohol 439 1722 7163 29550 3024 -386 745
isobutyl alcohol 737 3401 15431 59788 6240 -1997 684

isopropyl acetate 1703 2401 10741 49310 3732 -868 1537
n-propyl acetate 1406 5203 21737 106516 7235 -971 2854
isobutyl acetate 1886 7762 35091 168145 8920 -3917 2232

pooled Running Standard Curves: Slope
RSD 1 ppm STD 5 ppm STD 20 ppm STD 100 ppm STD max min mean %RSD

n-propyl alcohol 108 33 34 31 640 283 434 28
isopropyl alcohol 52 32 35 31 1514 715 1051 28

isobutyl alcohol 47 35 40 32 3015 1402 2048 29
isopropyl acetate 71 23 27 26 2925 1551 2088 24
n-propyl acetate 36 23 25 26 6499 3045 4468 24
isobutyl acetate 34 23 27 27 9974 4926 6836 25

________________________________________________________________________ 
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Figure 3.1.  The RSD as a function of concentration, note the y-axis difference for n-
propyl alcohol.  There were three replicates of each concentration with the 
exception of the lowest standard, 1 ppm, which received 9 replicate injections.  
There was not a downward trend in the 9 replicate injections; ie-the loss of 
repeatability was not due to analyte removal. 
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 CHAPTER IV 

LABORATORY INVESTIGATION OF EXPLOSIVES DEGRADATION IN VADOSE 

ZONE SOIL USING VAPOR PHASE CARBON SOURCE ADDITIONS. 

(BIOREMEDIATION JOURNAL) 

_______________________________________________________________ 
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ABSTRACT 

  Anaerobic and microaerobic batch and column studies using soil from the DOE Pantex 

facility contaminated with hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-

1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and 1,3,5-trinitrobenzene (TNB) were 

performed using gaseous carbon source additions.  In the anaerobic batch study, over 99 

days, flasks periodically receiving headspace pulses of 330 to 570 ppmv n-propyl acetate 

yielded 97.5±0.3 (SD) % TNB and 66.7±43.2% RDX removal.  The same n-propyl 

acetate dosing regime including 500 ppmv nitrous oxide removed 97.4±1.0% of TNB and 

67.3±31.3% of RDX.  Using ethanol as a carbon source in the headspace gave similar 
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results, 96.4±3.1% and 69.2±12.3% removal for TNB and RDX, and including 500 ppmv 

nitrous oxide allowed 95.4±0.2 and 54.3±4.1% removal for TNB and RDX, respectively.  

Controls of air yielded 2.2±8.9% and 8.9±4.1% TNB and RDX removals, while nitrogen 

gas removed 55.6±21.5% and 13.5±1.7%; and 500 ppmv nitrous oxide removed 

48.8±6.9% for TNB and 7.1±3.1% for RDX.  Results from a column study over 225 days 

of treatment showed less than 25% average removal of HMX, RDX or TNB with 

throughputs of air, 1% oxygen, 0.1% oxygen or oxygen scrubbed nitrogen gas.  However, 

there was an average 40% removal of HMX, 48% removal of RDX, and 70% removal of 

TNB in a column receiving 1000 ppmv n-propyl acetate.  There was no net removal of 

HMX and RDX in a column receiving 1000 ppmv ethanol, but 82% removal of TNB.  

Further column studies revealed similar, relatively slow explosives degradation.  In 

general, batch studies outperformed column studies, even though the columns received a 

much larger quantity of carbon over time, particularly in the first few inches of influent 

gas, although this effect was variable.  We speculate this could result from the removal of 

microbially produced volatiles in the column studies, or that lower redox potentials were 

achieved in the batch flasks. 

Keywords: In situ, soil, vadose, RDX, HMX, TNB, explosives, anaerobic 

______________________________________________________________________ 
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INTRODUCTION   

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine (HMX), 1,3,5-trinitrobenzene (TNB) and 2,4,6-trinitrotoluene (TNT) are 

typical recalcitrant contaminants in soil at explosives-contaminated sites (Jenkins et al. 

1998, Walsh et al. 2003, Clausen et al. 2004).  These contaminated soils may leach high 

explosives (HE) into the underlying groundwater (Clausen et al. 2004), in turn posing 

risks to human and ecological receptors.  Additionally, particulate explosives on and 

within surface soils (Radtke et al. 2002) may dissolve into the surrounding vadose zone 

water (Lynch et al. 2002, Phelan et al. 2003), potentially creating a long lasting source 

zone.  Once in the vadose zone, explosives contamination is in a combination of soil-

attached and water-dissolved phases (Sheremata et al. 2001).  In the water phase, the 

contamination is available to both planktonic and attached microbial communities.  

Adding a geomembrane on the soil surface (capping) should lengthen the contact time 

between the dissolved explosives and the indigenous microbial communities, which may 

provide an increased potential for contaminants to degrade in the vadose zone.  While 

there are several methods for the ex situ remediation of explosives-contaminated soil, an 

in situ method of explosives degradation would be preferred, intercepting dissolved and 

leaching contamination within and beneath diverse source zones, possibly even beneath 

active training ranges, before additional dissolved contaminants move from the vadose 

zone into groundwater. 

RDX typically has a drinking water Health Advisory at 2 µg/L, making it a primary 

risk consideration at many HE contaminated sites and causing its degradation pathways 
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to be heavily investigated.  As determined in the aqueous phase, RDX degrades under a 

variety of conditions.  Degradation can occur anaerobically (Waisner et al. 2002, Davis et 

al. 2004), aerobically (Binks et al. 1995, Coleman et al. 1998, Waisner et al. 2002), under 

acetogenic conditions (Beller 2002) and also acetate utilization conditions (Waisner et al. 

2002, Wani & Davis 2003, Davis et al. 2004).  RDX may be used as a nitrogen source 

(Binks et al. 1995, Coleman et al. 1998, Brenner et al. 2000), while evidence also 

suggests that RDX is primarily metabolized as an electron sink (Beller 2002).  In addition 

to acetogens, sulfate-reducing bacteria (Boopathy et al. 1998) may play key roles in RDX 

degradation.  Nitrate has been found to inhibit RDX degradation (Freedman & Sutherland 

1998, Beller 2002, Wani & Davis 2003), possibly as a competitive electron sink (Beller 

2002).  Freedman and Sutherland found when nitrate was anaerobically consumed there 

was a concomitant decrease in redox to below –200 mV along with rapid RDX 

transformation.  This agrees with findings that a redox potential of –150 mV is sufficient 

for relatively rapid RDX degradation (Price et al. 2001). 

Because the degradation of RDX has been shown to occur under a variety of 

environmental criteria including redox potential, pH, available electron acceptors, and 

electron donors, site-specific testing continues to be a necessary first investigative step 

towards remediation of a particular facility. 

In unsaturated soils, Jenkins reports half-lives (t1/2) of HMX and RDX to range 

from 133 to 2310 days and 94 to 154 days, respectively, without additional carbon 

sources (Jenkins et al. 2003).  Nitrogen gas treated vadose zone soil removed an average  

of 40% TNB and RDX over 295 days (Rainwater et al. 2001, Rainwater et al. 2003).  
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Within the treatment system, in situ microcosms (SPIES) revealed t1/2 of 277 days for 

RDX and 98 days for TNB.  In another study simulating vadose zone conditions in the 

laboratory and using soil from the DOE Pantex facility, cultures under aerobic conditions 

gave a virtually infinite t1/2; while aerobic conditions with added phosphorus gave an 

RDX t1/2 of 1390 days, 3% oxygen (microaerobic conditions) yielded a t1/2 of 60 days; 

microaerobic plus phosphorus, 43 days (Speitel et al. 2001).  In the same investigation, 

anaerobic treatment alone gave a t1/2 of 68 days; anaerobic with phosphorus, 64 days; 

anaerobic amended with carbon (glucose, succinate and glycerol), 36 days, and anaerobic 

with both carbon and phosphorus, 38 days.  The authors conclude by suggesting the in 

situ degradation of HE could be stimulated by the addition of nitrogen gas and a gaseous 

organic carbon source, to contaminated vadose zone soil, which is the subject of the 

current paper.  In this current study, soil from the DOE Pantex facility was tested for 

effects of adding volatile organic carbon sources on the removal of field-contaminated 

explosives, in order to assess the utility of using such a system at the Pantex facility. 

 

MATERIALS AND METHODS 

Choice of Organic Amendments   

Gas phase carbon sources were selected to allow unencumbered full-scale remediation if 

the process successfully augmented explosives degradation at the site.  Therefore, the 

guiding principle adopted was “first do no harm.”  More specifically, we intentionally 

focused the carbon source search on simple, well-known compounds that would degrade 

quickly in the environment.  The criteria for further selection were as follows:  1) the 
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carbon source had to be easily degraded anaerobically and aerobically by the indigenous 

microflora.  Additionally, the degradation pathways should be well understood to ensure 

that toxic or persistent metabolites are not produced, and ideally have been demonstrated 

to be a carbon source or be transformed into a compound enhancing HE degradation.  2) 

Carbon sources should be nontoxic to humans and the environment at the concentrations 

used in the field.  Stemming from this objective, the ideal compounds should be legal for 

use as food additives.  Carbon sources should also either be available extremely pure or 

have co-contaminants which are independently acceptable for broad scale use.  3) Carbon 

sources should be volatile enough to add as a gas in the vadose zone.  4) In order to help 

degrade soil-attached and particulate explosives, the solvent should facilitate dissolution 

of TNT, RDX, and HMX, as a cosolvent to increase the explosives solubility in water.  

The dissolution of explosives has been previously reported in a remediation context, for 

the development of a two-phase partitioning bioreactor, where 2-undecanone was 

selected (Pudge et al. 2003).  Further, as a degradable solvent, acetone has been shown to 

assist composting of particulate TNT-contaminated soil (Radtke et al. 2000).  5) Each 

carbon amendment should fall within reasonable price boundaries at the site, to ensure 

the scaled-up system is feasible from a cost perspective.  Ultimately, the carbon sources 

were chosen from 21 CFR 172 Subpart F-“Food additives permitted for direct addition to 

food for human consumption.”  Specifically, ethanol, n-propyl acetate, isopropyl acetate, 

and isobutyl acetate were chosen for further investigation in this study, from the above 

criteria and also from observations in an earlier soil column study (Rainwater et al. 2001).  

Additionally, the specific alcohol and acid daughter products from hydrolysis of each of 
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these esters are also accepted to use as food additives for human consumption, further 

minimizing regulatory and toxicity concerns for field application.  Nitrous oxide was 

tested as an explosives metabolism stimulant, theorizing that it could serve as an electron 

acceptor, and help enrich for populations of denitrifying bacteria, or for inhibition of 

RDX degradation, as observed previously. 

 

Soil  

Soil was collected from the DOE Pantex facility, located 27 km northeast of Amarillo, 

Texas, where high explosive (HE) has been used in weapons production since 1942.  The 

primary HEs discharged into the soil and groundwater at the Pantex facility are HMX, 

RDX, and TNT (Ramsey et al. 1995), and primary current explosives are HMX, RDX, 

TNT, and TNB (Rainwater et al. 2003).  Explosives-contaminated soil was collected by 

direct push (Geoprobe, Salina, KS) in Lexan® sleeves taken from a field site on the 

Pantex Facility (Rainwater et al. 2001, Rainwater et al. 2003).  The soil had previously 

been conditioned to near-anaerobic conditions, in situ, using nitrogen gas injections, with 

the finding of an average 40% reduction in RDX and TNB concentrations in 295 days, as 

compared to the initial site average.  The soil used in the present study came from 

locations and depths of the field site that showed higher levels of explosives, generally 

above 10 ppm 1,3,5-TNB and RDX.  In one experiment, field explosives contamination 

was fortified with HE in the laboratory.  Thus, the remaining experiments generated data 

that might closely represent the field, as laboratory fortification with explosives yields 

more explosives-labile conditions than field explosives contamination, with TNB and 
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TNT (Grant et al. 1995).  In all experiments, the soil was allowed to slightly dry in the 

Lexan sleeves at room temperature (with the caps on), then hand sieved through a 4 mm 

mesh, followed by homogenization using surface-sterilized portable cement mixers, 

while the was soil restored to field moisture conditions (29% -dry weight) by spraying 

with sterile nanopure water. 

Effects of Different Soil Depths from the Pantex Field Site 

The purpose of this experiment was to evaluate the effect of the naturally occurring 

organic carbon on oxygen consumption and HE degradation in the vadose zone.  In the 

direct push soil cores from the Pantex field site, it was noticed that the upper four feet of 

the soil profile was generally black in color, continuing in dark color to an approximate 6 

foot depth, and with increasing depth, further transitioning to a brown colored horizon 

from approximately 6 to 8 feet, then remaining at the brown color to 30 feet.  

Correspondingly, the concentration of HE in the darkly colored zone was often much less 

than in the deeper and more lightly colored core sections.  The lower HE concentrations 

in this upper darkly colored zone could partially result from dilution, as the soil may have 

been historically mixed with backfill, from water transport of explosives contamination to 

lower soil depths, or from increased HE degradation in the upper soil profile due to a 

high amount of organics in this layer, evidenced by the black color.  To evaluate the HE 

degradation from each zone, three-30 foot deep soil cores from the 30 x 30 foot Pantex 

field site were sectioned at four different depths, chosen by the appearance of the soil.  

The depths were 2-4 feet, 8-10 feet, 16-18 feet, and 24-26 feet.  Since the RDX 

contamination in the 2 to 4-foot zone was initially low, 0.76±0.04 ppm (SD, n=4), this 
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soil was first spiked with RDX-contaminated water by adding a 60 ppm solution of RDX 

in sterile nanopure water, for a final concentration of 1.2±0.13 ppm (n=4).  The soil was 

then weighed and transferred into an anaerobic glove box that was continually flushed 

with nitrogen gas and a small amount of oxygen, similar to the generation of previously 

reported microaerobic conditions of 3% oxygen (Speitel et al. 2001).  The soil was then 

transferred to glass 20 mL vials for a final porosity of 0.4 (Bedient et al. 1999) and sealed 

using stoppers, reportedly effective for maintaining anaerobiosis (Robb et al. 1995), (part 

# 1313, Geo-Microbial Technologies, Inc, Ochelata, OK).  Using GC with thermal 

conductivity detection (GC-TCD), it was found that vials from the glove box contained 

1.4 percent oxygen; therefore air was injected into the vials to raise the oxygen 

concentration to 4.5%, typical of the Pantex field site oxygen concentrations being 

developed in the nitrogen-treatment site at the time.  To ensure incubation without 

introducing oxygen, vials were inverted and incubated at room temperature, partially 

submerged in water as described before (Speitel et al. 2001), and within a plastic cooler 

plumbed to provide a continual flow of “house” nitrogen gas containing <0.1% oxygen.  

The vials were periodically nondestructively sampled for carbon dioxide and oxygen, 

using a glass syringe, analyzed by GC-TCD, and sacrificed for explosives analysis by 

HPLC on days 0, 19, 34, 51, and 108.  Twenty vials were fabricated for each of the four 

soil depths tested.  Four replicates were harvested for HE analysis at each time point.  

Nondestructive gas analyses were performed on five individual vials. 
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Carbon Vapor Half-Life Assessment 

The headspace removal rates of isopropyl acetate, n-propyl acetate, and isobutyl acetate 

were assessed in batch soil flasks, in addition to the column studies described later.  

Three individual flasks were used to test each of the three amendments, and consisted of 

20 g Pantex soil in 100 mL sealed, aerobic flasks, roughly cylindrical in shape.  The 

headspace of these flasks was initially amended with 15 ppmv isopropyl acetate, 15 ppmv 

isobutyl acetate, or 10.6 ppmv n-propyl acetate, and sampled for gas analyses 

approximately every 25 min for 258 min.  Concentrations were initially log transformed 

and regressed with respect to time, the slope of the line was then used as the pseudo- 

first-order degradation rate constant (k), upon which 0.693/k was used to calculate the 

half-life (Newell et al. 2002). 

 

Carbon Additions - Batch Studies 

Reactors 

Two batch soil studies were performed for evaluating the effects of gas phase carbon 

sources.  For these two studies, microcosms were developed to provide a gastight system 

easily sampled for headspace gases and soil.  The sieved and rehydrated Pantex soil (20 

g) was added to batch reactors made from Pyrex® glass 1 L Erlenmeyer flasks fused to 

screw-top glass vial necks, to accept screw top Mininert sampling valves (Supelco, Inc. 

Bellefonte, PA), with average total volumes of 1.125±0.004 L (n=18).  To accommodate 

easy septa refreshing without introducing outside gas, particularly in a glovebag, the 

Mininert septa-holes were bored out to 1/8” (0.125”) to accept 6 inch long lengths cut 
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from 1/8” (0.139”) fluorosilicone o-rings (Parker, Lexington, KY, part # M25988/1269) 

and used in place of the standard Mininert septa.  To avoid leakage, immediately after 

each injection the modified septa were advanced 2-3 mm from the last puncture.  To 

assess leakage, we challenged the reactors with 1% hydrogen gas in nitrogen and 

monitored hydrogen loss over 20 days.  Flasks were found to either leak catastrophically 

due to visible damage in the Teflon/glass seal, or the flasks retained 98.9±1.1% of the 

added hydrogen over the twenty-day test.  In a separate test, five flasks were found to 

retain 98.1±2.8% of the total hydrogen when challenged with a vacuum of 51 mm Hg 

(gauge) using 3 cycles of 3 minutes each.  Flasks were then used in the confidence that 

any with leaking seals should be easily discovered by routine gas analyses.  None of the 

flasks used in the soil experiments indicated signs of failure. 

 

Microaerobic Excess Energy Experiment 

The effects of added volatile organics, hydrogen gas, and nitrous oxide were evaluated 

for the ability to promote HE degradation under microaerobic (approximately 1% 

oxygen) conditions.  All flasks except the air controls were allowed to stand in an 

anaerobic glove box flushed with a mixture of 90% N2, 5% H2, and 5% CO2, and 

containing approximately 1% oxygen, then the flasks were capped and brought to 370 

ppmv ethanol, 578 ppmv n-propyl acetate, and/or 500 ppmv nitrous oxide (Table 1), by 

adding concentrated premixed gases with a syringe.  The gas atmospheres tested included 

air controls, and in addition to the base gas atmosphere listed above, nitrogen controls, 

nitrous oxide in nitrogen, ethanol in nitrogen with and without nitrous oxide, and n-
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propyl acetate in nitrogen, with and without nitrous oxide.  The gas atmospheres were 

prepared at time zero, then replenished after 7, and 9 days of incubation.  Organic gas 

additions were performed by making 3690 ppmv of ethanol or 5780 ppmv n-propyl 

acetate stock mixtures in 1 L Tedlar bags (part #41049, Alltech, Deerfield, IL), by adding 

8.8 µL ethanol or 17.6 µL n-propyl acetate, respectively, into UHP nitrogen gas with a 

Hamilton syringe (Hamilton, Reno, NV) and allowing evaporation, then mixing using a 

glass 100-mL gastight Hamilton syringe.  Additionally, to the atmospheres requiring 

nitrous oxide, 0.5 mL of pure nitrous oxide from a compressed gas cylinder was injected 

into the flasks.  All the test conditions were run in triplicate, with destructive harvest for 

HPLC analysis after 44 days of incubation.  Prior to harvest, the flasks were tested for the 

presence of oxygen using GasPak disposable anaerobic indicators (Becton Dickinson, 

Sparks, MD) in the anaerobic glove box. 

 

Anaerobic Effects of Organic Vapors and Nitrous Oxide 

Using the modified 1.1 L Erlenmeyer flasks, 20 g of sieved and rehydrated soil from the 

Pantex field site were measured into 21 flasks.  The 18 flasks with anaerobic conditions 

were initially flushed with oxygen-scavenged (heated copper) ultrapure nitrogen before 

capping.  Initially, flasks were brought to 334 to 446 ppmv of the organics (Table 1), with 

additions made periodically thereafter (Table 2).  Concentrations of the carbon sources 

were calculated using Eq. 1 (Nelson 1992), 
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M)(v
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D
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        (Eq.1) 

where Cppmv is the concentration of the carbon source in parts per million volume, vL is 

the volume of the liquid carbon addition added, in mL, PL is the density of the liquid in 

g/mL, vD is the volume of the flask in mL, and M is the molecular weight of the carbon 

source in g/mole.  Carbon sources were added as 100 mL gaseous injections in nitrogen 

gas into the 1.1 L flasks, while nitrous oxide was added as the pure gas.  All the test 

conditions were performed in triplicate.  The flasks were sampled by gas-tight syringe 

periodically for headspace gases, while approximately 1 g of the soils were sampled in 

the anaerobic glove bag on days 0, 16, 36, and 99, for explosives analysis by HPLC. 

Carbon Additions – Column Studies 

Screening for Effects of Oxygen and Organics 

This column study was performed to provide a consistent soil exposure to well defined 

gases, in contrast to the changing headspace concentrations found in batch systems, as 

previously recognized (Speitel et al. 2001).  Because of the inherent difficulties of 

achieving a completely oxygen-free vadose zone system in the field, we further tested for 

effects that trace amounts of oxygen may have on HE remediation.  Soil column reactors 

were made from 3” ID glass process pipe packed with homogenized soil in 6” lifts with 

an assumed soil porosity of 0.23, and an overall length of 4 feet.  Each aliquot of soil 

designated for a specific reactor was independently homogenized by hand.  Then 5 

samples were taken for HE analysis.  Reactors were run at room temperature, with gases 

delivered downflow at a linear velocity of 1 cm/min, from compressed gas cylinders 

premixed with 1000 ppmv n-propyl acetate in nitrogen; 1000 ppmv ethanol in nitrogen; 
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air; 1% oxygen in nitrogen; 0.1% oxygen in nitrogen; and nitrogen gas (Norlab, Boise, 

ID).  Flow rates were controlled using high-resolution stainless steel needle valves.  The 

nitrogen gas control was scrubbed of oxygen (part # 7040, Alltech (Deerfield, IL) and 

organics with an activated charcoal filter; and all of the nitrogen/oxygen combinations 

were scrubbed for organics with activated charcoal filters (Figure 1).  The outflow was 

measured weekly using a bubble flow meter and adjustments made to the needle valves 

as necessary.  Reactors were run for 225 days with periodic, approximately 5 g sampling 

of the soil at the top, or inflow, for HE analysis by HPLC.  After 225 days of flow, 

reactors were harvested by removing the soil cores intact onto a clean surface, and then 

sectioned at 5” intervals, keeping a 2” soil section beginning at each 5” mark.  As this 

experiment was aimed solely at investigating the effects of the gases on the 

transformation of the HE contamination, the gas vapors were not analyzed, and the 

columns were run without replication. 

Effects of Anaerobic Ester Amendments 

The effects of isopropyl acetate, n-propyl acetate and isobutyl acetate, compared to 

nitrogen only controls, were tested in triplicate in soil columns.  Reactors were fabricated 

using 3 inch PVC pipe, 18 in long.  The soil used in this experiment came from a 

contaminated area near the field treatment site where soil was collected for the other 

experiments.  Aliquots of 750 g of soil were packed in a series of 6-inch lifts and tamped 

down for a final bulk density of 1.08 g/cm3 throughout the column beds, with a porosity 

estimated to be 0.5.  The 18” columns were ported for sampling at 6” and 12”, at the 

effluent, as well as input lines for columns receiving organics.  The columns were 
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sampled weekly using a 20X dilution into glass sampling bulbs containing UHP nitrogen, 

and analyzed by solid phase microextraction (SPME)-GCMS.  Copper 1/8” lines and 1/8” 

brass and stainless steel Swagelok (Solon, OH) fittings were used throughout the system.  

The system flow path is shown in Figure 2.  Ultra high purity nitrogen flowed from a 

compressed gas cylinder through a pressure regulator, oxygen and activated carbon traps, 

then bubbled through a humidifier and passed into a PVC manifold, where it was also 

split into 12 individual streams and continued through 12 calibrated flow meters (Cole 

Parmer N042-07). Each nitrogen gas stream then received liquid organic ester injections 

through modified GC septa ports in a Swagelok 1/8” nut, from nine 50 µL Hamilton 

gastight syringes with conical tipped, sideport stainless steel needles, driven by a Harvard 

Apparatus (Holliston, Ma) Ph.D. 2000 infusion pump with a ten-syringe adapter.  

Reactors and end caps were initially cut to size, then the interiors coated with epoxy to 

avoid carbon loss into the PVC, and left to cure and evaporate for 2 months to minimize 

artifacts due to volatiles from the epoxy.  The PVC reactors were then fitted with PVC 

end caps over 3 teflon tape wraps on the ends of the pipe, and finished by further sealing 

on the outside with hot glue, to avoid solvent release from PVC-gluing products.  Initially 

columns were run at predetermined flow rate of 5 mL/ minute to contain 1000 ppmv of 

each organic.  However, it quickly became apparent that this flow rate needed to be 

increased because the columns would routinely plug due to bulk water precipitation in the 

1/8” copper lines.  To keep the bulk water out of the lines, flow rates were subsequently 

moved to 10 mL/min, as measured in the effluent gas line using a Digital Flow Check gas 

flow meter (part #4700, Alltech, Deerfield, IL), for a final linear velocity in the soil 
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columns of approximately 0.44 cm/min and a total inflow of 500 ppmv of each organic.  

The column gases were sampled from all ports at 28, 33, 49, 56, and 62 days of 

treatment.  After 62 days of treatment, the reactors were harvested and the soil sampled 

for HPLC analysis.  After removing the 6” and 12” sampling ports, the end caps and a 

cross section at the ports were sawn through with a bandsaw.  Then, after brushing away 

approximately one millimeter of soil potentially affected by the bandsaw blade, the next 

1” of soil was carefully removed with a clean steel spoon, and stored at –20°C until 

analysis.  Half-lives for the three esters were calculated as described before (Newell et al. 

2002), using the linear velocity of the flow through the columns with the relative sample 

port positions and an assumed porosity of 0.5 to determine the total contact time between 

the vapor amendments and the soil. 

Soil Gas Analyses 

In the column experiment with the addition of three esters, influent line and soil gases 

were analyzed using an Agilent 6890 Series gas chromatograph (GC) with an Agilent 

5973 Mass Selective Detector, and an HP-624 column, (HP19091V-402 capillary 25.0 m 

X 200 µm X 1.12 µm nominal).  Helium was used as a carrier at 27 cm/sec.  The 

temperature program began with a 2 min hold at 40°C, ramping to 110 °C at 8°C/min and 

holding 2 min, then ramping at 20°C/min to 180°C and holding an additional 5 min (total 

run time of 21.25 min).  A 0.75 mm ID injection sleeve (Supelco No. 2-6375) was used 

with a split ratio of 20:1 and a split flow rate of 9.5 mL/min for a total flow of 12.9 

mL/min (gas saver off).  For sample addition, the 100 µm polydimethylsiloxane (PDMS) 

fibers (Supelco No. 57300-U) with a manual solid phase microextraction (SPME) fiber 
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holder (Supelco 57330-U) were used with a 15 min sorption time at room temperature 

and a 2.0 min desorption time at 280°C.  The MS was run in the scanning mode to 

identify unknown peaks, while the quantified ions were 45 m/z for isopropyl alcohol, n-

propyl alcohol 59, and 43 for isobutyl alcohol, isopropyl acetate, n-propyl acetate, and 

isobutyl acetate. 

Standards of 0, 0.1, 1.0, 5, 10, and 25 ppmv were made from dilutions of 100 ppmv n-

propyl acetate, 99.8 ppm isopropyl acetate, 99.7 ppm isobutyl acetate, 100 ppm n-propyl 

alcohol, 100 ppm isopropyl alcohol, 99.7 ppm isobutyl alcohol, balance nitrogen (Boise, 

Idaho) using 2.0 L Tedlar® bags (Alltech part No. 41049, Deerfield, IL).  Using the 

Tedlar bags, nitrogen gas, and neat liquid standards, the GC/MS system was additionally 

calibrated to quantify the probable daughter product of isopropyl acetate metabolism, 

acetone; from n-propyl acetate, 2-propen-1-ol and propanal; and from isobutyl acetate, 2-

methyl propanal, and 2-methyl-2-propen-1-ol. 

Explosives Analyses  

Explosives analyses were performed using U.S. EPA SW846-Method 8330, with a 

Supelcosil C-18 column (Supelco, Inc. Bellefonte, PA), 1:1 water:methanol as an 

isocratic mobile phase at 1 mL/min, and quantification using a Waters 991 photodiode 

array detector at 254 nm.  Extraction for all experiments except the last column 

experiment with ester additions was conducted with acetonitrile under bath sonication for 

18 hours (USEPA SW846-8330), soil from the last column experiment (screening of 

anaerobic ester amendments) was extracted using quantitative multiple acetonitrile 

extractions as previously described (Rainwater et al. 2001, Rainwater et al. 2003).  In 
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addition to the standard analytes in Method 8330, the RDX degradation products 

hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), methylenediamine (MDNA), and 4-

nitro-2,4-diaza-butanal (NDAB) were analyzed.  Because MDNA and NDAB co-eluted, 

peak areas for these two metabolites were quantified together, and the quantities are 

tentatively presented as a sum. 

RESULTS AND DISCUSSION 

Effects of Different Soil Depths from the Pantex Field Site 

In this batch system, the 4-foot soil homogenate showed slightly higher amounts of 

oxygen consumption and correspondingly increased carbon dioxide production (Figure 3) 

than the deeper soils, yet did not support greater HE removal (Figure 4).  The degradation 

of 1,3,5-TNB was inconclusive using soil from the 4 ft interval due to the low initial level 

of TNB.  Considering soil from all the depths, there was little HE removal after 108 days 

of incubation.  These results contrast with a previous study on the explosives degradation 

in Pantex soil under microaerobic conditions, where under a starting atmosphere of 3% 

oxygen in nitrogen, a t1/2 of 60 days was observed (Speitel et al. 2001), the difference 

possibly due to using a larger scale in this test.  Greater microbial respiration and organic 

concentrations are typically found in the upper layers of soil (Brady 1990), therefore, 

metabolic differences between the upper and underlying zones in the Pantex field site 

may have been greater, judging from the darker color of this layer versus the deeper 

material.  It is curious that the initial values in the 4-foot soil homogenates contained 

much more RDX and TNB in ratio to HMX, as contrasted to the underlying soils (Figure 

4).  Because HMX degrades more slowly than RDX and TNB, the higher proportion of 
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HMX in the upper layer may have resulted from an increased microbial metabolism in 

the upper 4-foot layer due to carbon availability.  Other potential causes for the increased 

HMX proportion include the leaching of HMX from a source in the upper soil zone, or 

increased retardation of HMX in soil water.  Speculating, the relatively low 

concentrations of TNT found at the site may provide further evidence of the increased 

metabolic activity in the upper soil horizons, as TNT migrates much more slowly than 

RDX and HMX, and undergoes aerobic transformation which is accelerated by carbon 

amendments (BrunsNagel et al. 1996). 

Carbon Additions - Batch Studies 

Microaerobic Excess Energy Experiment 

All flasks exposed to hydrogen contained approximately 50 mL of free water by the end 

of the experiment, suggesting that the hydrogen gas was being used as an energy source 

with oxygen as the primary electron acceptor.  Additionally, oxygen was detected at the 

time of harvest.  Flasks with organic carbon amendments degraded significantly more 

TNB than flasks not receiving organic carbon amendments (Table 3).  This suggests an 

increase in energy to the system, as hydrogen gas did not necessarily increase degradation 

of 1,3,5-trinitrobenzene without additional organic carbon.  This effect of added organics 

implies a difference in added energy versus added carbon for anabolism.  The organic 

carbon could have supported more explosives degradation by simply providing a higher 

amount of HE-degrading biomass, and possibly the increased number of cells may use 

more reducing power from the excess hydrogen gas and thereby achieve more robust 

explosives degradation.  Although the starting concentration was low, all flasks degraded 
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over 85% of the initial HMX.  RDX did not show significant degradation in any of the 

test conditions. 

Anaerobic Effects of Organic Vapors and Nitrous Oxide 

In all flasks, the carbon sources significantly increased the degradation rate of TNB and 

RDX but had no effect on HMX degradation (Figure 5).  Flasks periodically receiving 

headspace pulses of n-propyl acetate yielded 1,3,5-trinitrobenzene (TNB) removal from 

11.0±0.2 ppm to below 0.3 ppm, with RDX removal from 23.1±0.2 to 7.7±9.9.  The 

addition of 500 ppmv nitrous oxide and n-propyl acetate resulted in TNB removal from 

10.1±1.8 to less than 0.3 ppm TNB, and from 25.4±3.2 to 8.5±7.7 ppm RDX.  Similar to 

the effects of n-propyl acetate, flasks receiving ethanol resulted in TNB removal from 

10.9±0.1 to 0.4±0.3 ppm and RDX removal from 23.1±0.7 to 7.1±2.9 ppm.  In the 

ethanol flasks, the addition of 500 ppmv nitrous oxide resulted in TNB removal from 

11.0±0.4 to 0.5±0.0 ppm and 22.8±0.5 to 10.4±0.7 ppm for RDX.  Control flasks, 

receiving nitrogen gas only, exhibited little RDX removal, from 22.8±0.8 to 19.8±0.5 

ppm, while anaerobic flasks with 500 ppmv nitrous oxide as well as air also revealed 

minimal RDX removal, from 22.1±0.9 to 20.5±0.3 ppm and 22.6±1.0 to 20.5±0.4 ppm, 

respectively.  The sets showing high standard deviations at day 99 likely result from 

differing lag times for degradation of the explosives.  Interestingly, RDX removal was 

not observed until after the last addition of organics (Table 2).  This may be explained by 

the carbon sources contributing to a non-HE degrading portion of the microbial 

community, the possibility that the carbon sources were transformed into intermediate 

compounds supporting the HE-degrading microbial community, or simply a lag time in 
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getting the RDX-degraders ramped up.  Unlike previous reports of nitrate inhibiting RDX 

degradation (Freedman & Sutherland 1998, Beller 2002, Wani & Davis 2003), nitrous 

oxide had no observable effect on HE degradation in our system. 

Carbon Vapor Half-Life Assessment 

Challenged with moist Pantex field-site soil, the first-order degradation coefficients (k) 

for the removal of the vapors from the headspace of flasks were 9.7x10-3 min-

1±7.57x10-4 (mean±SE) for isobutyl acetate; 5.2x10-3 min-1±8.78x10-4 for isopropyl 

acetate, and n-propyl acetate showed a k of 8.1x10-3 min-1±4.08x10-4 giving half-lives of 

71, 133, and 86 min respectively (Table 4).  Corresponding alcohols appeared, but did not 

accumulate in the flasks (data not shown). 

Carbon Additions – Column Studies 

Screening for Effects of Oxygen and Organics 

Average soil HE concentrations from a column study over 225 days showed less than 

25% removal of HMX, RDX, or TNB with throughputs of air, 1% oxygen, 0.1% oxygen, 

or oxygen scrubbed nitrogen gas (Figure 6).  However, there was an average of 40% 

removal of HMX, 48% removal of RDX, and 70% removal of TNB in a column 

receiving 1000 ppmv n-propyl acetate; with no net removal of HMX and RDX in a 

column receiving 1000 ppmv ethanol, but 82% removal of TNB.  The time courses of HE 

from the top of the ethanol and n-propyl acetate reactors were fairly variable, as expected, 

probably due to the smaller, 2 g samples, that were homogenized prior to extraction.  This 

variability in the time course data might result from heterogeneous HE removal over time 

at the top of the column, or uneven transport of HE down the soil column.  The section 
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data for the ethanol-receiving column shows the RDX may have simply migrated down 

the length of the soil cylinder.  Ethanol may have inhibited the RDX degraders, either by 

general toxicity or by specifically inhibiting RDX metabolism, but it is unlikely that the 

ethanol was inhibiting all the microflora by a general toxicity mechanism, as evident by 

the TNB removal.  The n-propyl acetate column showed more promise, again toward the 

top of the column for TNB removal, but showed relatively consistent degradation of 

RDX and HMX along the length of the column.  These results suggest that n-propyl 

acetate and/or its daughter products may be mobile enough in soil to affect HE 

degradation a considerable distance from the point of application, and is possibly suitable 

for field applications. 

Effects of Anaerobic Ester Amendments 

The effects of adding three esters in nitrogen gas were tested in 18-inch PVC flow-

through columns.  The homogenized Pantex field-site soil initially was analyzed at 

4.61±0.95 ppm HMX, 5.20±0.82 ppm RDX, 2.67±0.50 ppm 1,3,5-TNB, and 0.15±0.01 

ppm TNT, n=5 (plus a duplicate extraction of one split sample, treated as a final n=6).  

After 62 days of treatment, columns receiving gas phase organics degraded 83.2, 62.3, 

and 77.8% of TNB for isobutyl acetate, isopropyl acetate, and n-propyl acetate 

respectively, while columns receiving nitrogen gas alone removed 42.8% of the TNB.  

RDX concentrations diminished by 8, 12.5, 4.1, and 7.2% for isobutyl acetate, isopropyl 

acetate, n-propyl acetate, and nitrogen gas respectively.  The columns receiving isopropyl 

acetate trended towards more removal in the six inches of soil closest to the gas influent 

(Figure 7).  Curiously, the extractable HMX observably increased in all of the treatments, 
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possibly due to the coelution of an unidentified compound.  Detectable concentrations of 

methylenediamine (MDNA) and/or 4-nitro-2,4-diaza-butanal (NDAB); and TNX were 

found in all the treatment conditions tested (Table 5).  The finding of a small amount of 

TNX is comparable to previous reports of challenging RDX to agricultural soils, with 

larger concentrations of hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) and 

hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX) occurring with trace levels of TNX 

(Groom et al. 2001, Sheremata et al. 2001).  One of the three nitrogen control reactors, at 

all four sampling locations within the reactor, showed only background levels of the 

MDNA/NDAB sum, suggesting decreased RDX transformation.  Because MDNA has 

been found to decompose to N2O and HCHO, and was not found in groundwater 

contaminated with RDX (Beller & Tiemeier 2002), it is likely that our analysis reflects 

the quantity of NDAB more than MDNA, but in either case suggests ring cleavage of the 

parent nitramine. 

The carbon source influent concentrations were accurate but not precise, with 

averages of 480±497 ppmv for isobutyl acetate, 535±620 ppmv for isopropyl acetate, and 

498±386 ppmv for n-propyl acetate.  The relatively accurate but imprecise concentrations 

are likely an effect of fluctuating volatilization rates from the tip of the needle into the 

nitrogen streams combined with fluctuations in the nitrogen stream flow rates. 

The removal of the esters along the flow paths typically proceeded in a first-order 

fashion (Figures 8-10).  Isopropyl acetate was converted into isopropyl alcohol, and then 

showed nearly complete conversion into acetone (Figure 8), which subsequently flowed 

farther through the soil columns.  As time progressed, isopropyl alcohol concentrations 
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increased, and did so with the distance that organic vapors penetrated through the 

columns, in contrast to the acetone production, which peaked early at a point 6” into flow 

path.  This effect may be due to acetone toxicity to the microbes, lessening the 

subsequent isopropyl alcohol metabolism.  Columns receiving n-propyl acetate likewise 

showed conversion into n-propyl alcohol, but trended towards a less efficient removal of 

this alcohol at days 49 and 56 (Figure 9).  Small amounts of propanal and 2-propen-1-ol 

were also detected, suggesting that the n-propyl alcohol was being further transformed 

biologically.  Except for one high starting concentration of isobutyl alcohol, the 

degradation of isobutyl acetate proceeded as expected (Figure 10).  Traces of 2-

methylpropanal and 2-methyl-2-propen-1-ol, and acetone were also detected in the 

isobutyl acetate receiving columns, further suggesting microbial degradation of the added 

organics.  Acetone was found in all the columns at times, including the nitrogen-gas 

control columns (Figure 11) likely from the PVC adhesive product sealing the manifold, 

or coming from the epoxy lining of the reactors.  Even so, concentrations of acetone 

production in the isopropyl acetate receiving columns (Figure 8), together with the direct 

pathway to acetone from this parent (Figure 12), all but confirms the production of 

acetone directly from isopropyl acetate, as previously described (Taylor et al. 1980).  

However, the smaller concentrations of acetone in the remainder of the columns possibly 

emanated from the epoxy lining of the columns, as the concentration increased along the 

flow path, and acetone is not a direct metabolite of n-propyl acetate (Figure 13) or 

isobutyl acetate (Figure 14). 
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In this study, the relative rates and extent of explosives removal trended from 

TNB to RDX, with HMX being the most recalcitrant, consistent with previous findings 

(Adrian & Lowder 1999, Miyares & Jenkins 2000, Jenkins et al. 2003).  Also consistent 

with previous experiments, the addition of organic carbon generally accelerated the 

degradation of explosives (Morley et al. 2002, Adrian & Arnett 2004), while nitrous 

oxide had no effect on RDX degradation, in contrast to previous reports of the effects of 

added nitrate (Freedman & Sutherland 1998, Beller 2002). 

The different contamination profiles of HE in soil over the depths tested might 

reflect the initial contaminant deposition, transportation, or specific active microbes in 

the upper soil communities.  As such, the vertical movement of microbes in the vadose 

zone may be important.  However, assessing the transport potential of such communities, 

if elucidated, would be difficult (Newby et al. 2000), hindering the possibility of 

bioaugmentation in the Pantex vadose zone. 

Column studies generally showed less HE removal than batch studies.  This 

batch-to-column contrast is surprising, as the soil at the influents of the columns received 

overwhelmingly more carbon and energy per unit soil as compared to the batch studies.  

The differences in results between batch reactors might stem from two major causes.  

First, each series of experiments used different harvests of the Pantex field soil.  

Differences in microflora may reflect differing laboratory results.  Although RDX has 

been shown to not impact bacterial diversity or dominant members of the soil bacterial 

community (Juck et al. 2003), the overall toxicity of RDX to soil microbes (Gong et al. 

2001) and other confounding factors may explain differences between field soil harvests.  
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For example, handling and storage of soil has been shown to significantly alter the 

microbial communities and activity in soil (Brockman et al. 1998), increasing the 

possibility of introducing laboratory artifacts.  A recent study used terminal restriction 

fragment length polymorphisms (t-rflp) to assess microbial diversity in groundwater at a 

site undergoing bioremediation of TCE.  In parallel, this groundwater was also used as an 

inoculum in laboratory bioreactors, which were then anaerobically incubated over a 

period of time.  Even though efforts were made to keep conditions identical to those in 

the field, over half the species present at the start of the study were undetectable six 

months later (Macbeth et al. 2004).  To alleviate this type of error, a system to enable 

bench-scale research for use in situ would be necessary, possibly similar to the previously 

reported SPIES system, where columns containing homogenized soil were placed down 

hole to monitor field treatment effectiveness (Rainwater et al. 2001).  Secondly, a 

transient, volatile metabolite such as hydrogen or carbon dioxide may have been eluting 

from the columns, yet remain under containment and accumulate in batch studies.  For 

example, given the hydrogen solubility in water of 1.62 mg/L at 21°C, hydrogen gas 

produced may have passed through the flow-through columns, but dissolved hydrogen 

would remain continually available in the batch microcosms.  This may explain the RDX 

disappearance in the anaerobic batch reactors (Figure 3) only after the last carbon 

injection (Table 1), consistent with previous findings that hydrogen or carbon sources 

that produce hydrogen significantly contribute to RDX and HMX degradation (Beller 

2002, Adrian et al. 2003, Zhang & Hughes 2003). 
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 One noticeable difference between vadose zone studies and aqueous studies 

seems to be the rate of the reactions.  This might stem from several differences between 

aqueous and vadose zone systems.  The availability of explosives contamination might 

limit the extent of the remediation in the vadose zone.  In the vadose zone, soil water 

moves by bulk flow and diffusion, but there is no continual mixing of the bulk material.  

Because the vadose zone is a critical conduit between source zones and receptors, an 

effective remediation system placed here would be applicable and beneficial to many 

sites.  For the same reasons, vadose zone remediation of explosives should be approached 

cautiously. 

 From these studies, the feasibility of in situ remediation of explosives looks 

promising in the future.  One difficulty to address is the necessary sweeping of gases in 

full-scale systems, to achieve anaerobiasis in the vadose zone at field sites.  If hydrogen, 

carbon dioxide, or other volatile substances are necessary for robust HE degradation, the 

substance must either be added to the feed gas at the correct amounts, or the vadose zone 

must be contained into a system approximating batch dynamics. 
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Table 4.1. Experimental matrix for the excess energy 
experiment, and the anaerobic flask tests. Replicates are 
indicated in parentheses. 

Air Control (3) 

Nitrogen Control 

(3) 

Anaerobic Nitrous 

Oxide Control (3) 

Ethanol (3) 

Ethanol + N2O (3) 

Propyl Acetate (3) 

Propyl Acetate + 

N2O (3) 

 



 

Table 4.2.  Carbon source and nitrous oxide additions to flasks in the 
anaerobic batch study. All additions were made in the gas phase, the final 
headspace concentrations are given. 

 
Ethanol Propyl Acetate N20

Day (ppmv) (ppmv) (ppmv)
0 370 330 450
6 370 330
8 370 330 450
9 840 570
16 840 570
18 840 570 890
24 840 570
32 840 570
39 840 570  
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Figure 4.1.  Column experiment schematic for screening the effect of air, 1% 
oxygen in nitrogen gas, 0.1% oxygen in nitrogen gas, 1000 ppmv n-propyl 
acetate in nitrogen gas, and 1000 ppmv ethanol in nitrogen gas.  Single columns 
were set up for each treatment, each with a unique compressed gas mix.  The 
outflow rate was assessed weekly and adjustments to the needle valves were 
made as necessary to maintain 1 cm/min linear velocities in the soil columns. 
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Figure 4.2.  Column experiment schematic for testing the effect of 3 individual 
esters on HE removal in vadose zone soil.  S1-S4 represent gas sampling ports.  
12 columns were set up, three replicates each receiving approximately 500 ppmv 
isobutyl acetate, isopropyl acetate, n-propyl acetate; plus three nitrogen gas 
controls. 
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Figure 4.3.  Oxygen depletion and carbon dioxide evolution over time in 
homogenized soils from four different depths from the Pantex field site.  Each 
point represents the average of 5 samples; error bars represent one standard 
deviation. 
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Figure 4.4.  RDX, HMX and 1,3,5-TNB over time from soils during sealed 
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Table 4.3.  Results from the excess energy experiment after 44 days of incubation at 
room temperature.  Data are reported as the arithmetic means of three replicate flasks 
per treatment condition.  Flasks each contained approximately 1% oxygen, 5% 
hydrogen, and 5% carbon dioxide with nitrogen balance, in addition to the test 
atmospheres listed. 
 

RDX Initial Air N2 ETOH ETOH N2O PA PA N2O N2O
ave 20.7 22.1 21.0 19.2 19.6 20.2 20.0 22.3
stdev 0.3 1.0 2.3 2.4 0.7 1.1 3.3 2.4
%RSD 1.4 4.4 11.0 12.5 3.8 5.4 16.6 10.7
% removal na -6.7 -1.6 6.9 5.3 2.4 3.5 -8.1

HMX Initial Air N2 ETOH ETOH N2O PA PA N2O N2O
ave 2.1 0.3 0.3 0.3 0.2 0.3 0.3 0.3
stdev 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
%RSD 0.0 7.3 11.3 11.6 12.1 18.9 9.0 8.3
% removal na 86.9 86.5 86.8 88.4 85.5 87.5 87.6

TNB Initial Air N2 ETOH ETOH N2O PA PA N2O N2O
ave 16.9 10.2 10.4 3.2 4.4 2.1 2.0 11.0
stdev 0.4 0.6 0.5 0.8 1.0 1.1 2.1 1.1
%RSD 2.4 5.6 5.2 25.3 22.2 51.2 103.3 10.3
% removal na 39.5 38.3 80.8 73.8 87.8 87.9 35.1

abbreviations: ETOH, ethanol; N2O, nitrous oxide; PA, n-propyl acetate; na, not applicable. 
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Figure 4.5.  RDX, TNB, and HMX timecourses in soil incubated under select 
treatment gases.  Data points are means of soil concentrations from triplicate 
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Table 4.4.  Half lives (t1/2)of the carbon amendments in batch reactors and 
 in columns.  The t1/2 in columns are reported as the inches traveled in contact with soil 
within the columns, at a linear velocity of 0.44 cm/min. 
 
isobutyl acetate

study half life (inches) half life (minutes) r2

batch na 71 0.9898
column, day 29 2.2 13 0.8281
column, day 33 3.6 21 0.9585
column, day 49 2.8 16 0.9813
column, day 56 1.8 10 0.9751
column, day 62 2.0 11 0.9944

isopropyl acetate
study half life (inches) half life (minutes) r2

batch na 133 0.7974
column, day 29 6.2 36 0.2009
column, day 33 2.7 15 0.6525
column, day 49 2.1 12 0.9267
column, day 56 2.3 14 0.8969
column, day 62 1.9 11 0.9113

n-propyl acetate
study half life (inches) half life (minutes) r2

batch na 86 0.9811
column, day 28 3.0 17 0.7156
column, day 33 5.0 29 0.9881
column, day 49 2.9 17 0.9748
column, day 56 2.9 17 0.9515
column, day 62 2.2 13 0.9960
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Figure 4.6.  Explosives contaminants in columns containing field-contaminated 
soil over time, and sectional analysis after 225 days of continuous down flow of 
selected gas mixtures at room temperature.  The gas flowed downward at a 
linear velocity of 1 cm/min, the same as the average flow rate estimated in the 
field site. 
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Figure 4.7.  Sectional analysis of explosives remaining in soil from columns 
receiving an influent of approximately 500 ppmv carbon vapor, or nitrogen gas as 
a control, over 62 days at room temperature.  Data points are arithmetic means 
of 3 replicate columns; error bars represent 1 standard deviation. 
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Table 4.5.  Sectional analysis of three RDX metabolites, methylenedinitramine (MDNA) 
and 4-nitro-2,4-diaza-butanal (NDAB) (tentatively quantified as a sum) and hexahydro-
1,3,5-trinitroso-1,3,5-triazine (TNX).  The values are in ppm (dry weight soil), from soil 
incubated in columns receiving an influent of approximately 500 ppmv carbon vapor, or 
nitrogen gas as a control, over 62 days at room temperature, n=3. 
 
isobutyl acetate columns

soil sampling point MDNA + NDAB TNX
(inches along gas flowpath) mean stdev %RSD mean stdev %RSD

0 0.39 0.26 66 1.54 0.13 8.2
6 0.17 0.04 20 1.48 0.06 4.3
12 0.16 0.04 21 1.40 0.12 8.4
18 0.48 0.06 12 1.63 0.15 9.0

isopropyl acetate columns
soil sampling point MDNA + NDAB TNX

(inches along gas flowpath) mean stdev %RSD mean stdev %RSD
0 0.31 0.04 11 1.48 0.14 9.2
6 0.24 0.09 38 1.33 0.06 4.3
12 0.26 0.06 22 1.44 0.06 4.2
18 0.43 0.09 22 1.34 0.09 6.9

n -propyl acetate columns
soil sampling point MDNA + NDAB TNX

(inches along gas flowpath) mean stdev %RSD mean stdev %RSD
0 0.22 0.05 24 1.62 0.10 6.0
6 0.12 0.02 17 1.43 0.04 2.8
12 0.14 0.02 17 1.33 0.13 9.9
18 0.31 0.16 52 1.47 0.05 3.4

nitrogen gas control
soil sampling point MDNA + NDAB TNX

(inches along gas flowpath) mean stdev %RSD mean stdev %RSD
0 0.31 0.27 87 1.51 0.03 2.2
6 0.14 0.12 88 1.40 0.10 7.3
12 0.15 0.13 86 1.39 0.12 8.4
18 0.23 0.21 89 1.34 0.11 7.8
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Figure 4.8.  The loss of isopropyl acetate and the appearance of daughter 
products through the soil columns.  Data are presented as the arithmetic means 
of samples from 3 replicate columns.
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Figure 4.9.  Loss of n-propyl acetate and the appearance of daughter products 
through the soil columns.  Data are presented as the arithmetic means of 
samples from 3 replicate columns. 
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Figure 4.10.  Loss of isobutyl acetate and the appearance of daughter products 
through the soil columns.  Data are presented as the arithmetic means of 
samples from 3 replicate columns. 
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Figure 4.11.  Acetone concentrations over time with respect to the column 
flowpath, in nitrogen-control columns.  Data are presented as the arithmetic 
means of samples from 3 replicate columns. 
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Figure 4.12.  Possible initial metabolism of isopropyl acetate.  All compounds 
were found in this study except those in brackets. 
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Figure 4.13.  Possible initial metabolism of n-propyl acetate.  All compounds 
were found in this study except those in brackets. 
 

 
102 



 

O CH3
C

O

+
OH CH3

C

O

isobutyl acetate

OH
C
H2

O
C
H

O
C

O

acetic acidisobutyl alcohol

isobutyric acid
(2-methyl propionic acid)

2-methylpropanal

OH
C
H2

2-methyl-2-propen-1-ol

O CH3
C

O

+
OH CH3

C

O

isobutyl acetate

OH
C
H2

O
C
H

O
C

O

acetic acidisobutyl alcohol

isobutyric acid
(2-methyl propionic acid)

2-methylpropanal

OH
C
H2

2-methyl-2-propen-1-ol

 

Figure 4.14.  Possible initial metabolism of isobutyl acetate.  All compounds were 
found in this study except those in brackets. 
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CHAPTER V 

FIELD GAS DELIVERY AND MONITORING OF INTRODUCED VOLATILES AT 

THE PANTEX FIELD SITE (BIOREMEDIATION JOURNAL) 

________________________________________________________________ 

ABSTRACT 

Using solid phase microextraction coupled with gas chromatography and mass selective 

detection (SPME-GC-MS) the breakthrough of parent esters and the corresponding 

daughter alcohols of isobutyl acetate, isopropyl acetate, and n-propyl acetate were 

monitored during field injections in nitrogen gas streams, in the subsurface at the Pantex 

facility.  At the vertices of a 30 ft square, each individual ester plus a nitrogen control 

was injected to a depth of 30 ft at approximately 2000 ppmv at a flow rate of 17.5 L/min, 

with 70 L/min extraction at the center of the square at 30 ft depth.  The influent 

concentrations, two points along the flow path at two depths, and the extraction gas was 

analyzed routinely over 49 weeks.  A significant breakthrough of the parent n-propyl 

acetate was measured after 32 days, and the hydrolysis product n-propyl alcohol at 25 

days, with the alcohol reaching a concentration high of 80 ppmv at 42 days.  At week 36, 

traces of propanal and 2-propen-1-ol, were detected using the more sensitive carboxen 

fibers.  Additionally, isopropyl acetate broke through after approximately 4 feet of 

horizontal travel, at a depth of 10 feet, with traces of acetone detected during routine 

analysis, at weeks 22, 23, and 24.  Traces of 1,1,2-trichloro-1,2,2-trifluoroethane (freon), 

trichloroethylene (TCE), trichloromonofluoromethane, methylene chloride, and 
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dibromomethane were also qualified using the more sensitive carboxen solid phase 

microextraction fibers. 

 

INTRODUCTION 

Three individual compounds were selected for injection in the Pantex subsurface, 

isobutyl acetate, isopropyl acetate, and n-propyl acetate.  The compounds were selected 

because of they were estimated to best fulfill the qualifications needed to help achieve in 

situ remediation of explosives in the vadose zone.  Described in detail in Chapter 4 of this 

dissertation, these properties include a low toxicity, an estimated low persistence in the 

subsurface, and the ability to cleave into at least one carbon source known to promote 

explosives biodegradation, acetic acid.  The compounds required a reliable and 

nonhazardous delivery system, as per field site requirements.  For the analysis of volatiles 

from the Pantex field site, a system was developed using gas chromatography with mass 

selective detection (GCMS), using solid phase microextraction (SPME) for analyte 

preconcentration and delivery into the GC injection port.  The GCMS system was 

exclusively used in the scanning mode, to identify unpredicted volatiles. 

 

MATERIALS AND METHODS 

Field carbon source delivery system 

The available system in the field was already in place before this study took place, and 

consisted of an Ingersoll-Rand air compressor running a Nitrox nitrogen generator at 

70L/min (2.4 scfm) for injection at 17.5L/min into each of the four corners, with vacuum 
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pump extraction from the center wells at 70L/min.  Therefore, a system to inject a 

concentrated stream of each of the three esters into the available nitrogen flow was 

needed.  The best system to accomplish this task is reportedly to meter solvent directly 

into the receiving gas stream and allow evaporation (Nelson, G.O. 1992).  A liquid 

stream of each of the esters was added at approximately 171 µL/min, using three 

individual Lab Alliance Series 1500 high performance liquid chromatography (HPLC) 

pumps, into the nitrogen streams via vaporizers (Miller Nelson Research SV-2000).  

Before reaching the vaporizers, the original nitrogen stream was separated into four 

individual flows, regulated by four mass flow controllers (Brooks Instrument Model 

5850E) connected to a common secondary electronic (Brooks Instrument Model 0154) 

for control.  The entire system was connected using ¼ in copper tubing and Swagelok™ 

fittings.  During laboratory testing, the HPLC pumps were found to be incapable of 

delivering the low flow necessary for the desired 1000 ppmv final concentration of the 

organics in nitrogen.  Therefore, the flow rate was doubled, for a final flow of roughly 

2000 ppmv of each of the individual esters. 

 

Field gas monitoring 

Field gas samples were taken in Tedlar bags (Alltech No. 41049, Deerfield, IL) after 

extracting and intentionally wasting several copper tubing-volumes using a vacuum 

pump, for obtaining high quality samples.  Samples were then transported inside of 

plastic coolers from the Pantex field site to Lubbock, for the analysis of the volatiles.  An 

initial sampling and analysis design using bromochloromethane as an internal standard 
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coupled with a contrived sample volume regulator was found to be inadequate and 

subsequently rejected. 

At weeks 37, 42, 43, and 44, three 250 mL glass sampling bulbs (Alltech No. 7015, 

Deerfield, IL) were used in parallel to the Tedlar bags, for confirmation of the 

breakthrough being observed in wells 32-10 and 42-10, and for further comparison, to 

test using a sample from the twin 100 ppmv cylinder of standards that was used at the 

laboratory. 

 

Vapor analysis 

The method for qualification and quantification of the soil gases was by solid phase 

microextraction (SPME) injections were used to concentrate the analytes in the sample 

bags and introduce them into a gas chromatograph with mass selective detection 

(GCMS).  Gas standards were prepared by dilution of a 100 ppmv standard of individual 

alcohols (3) and individual esters (3), in identical Tedlar bags as used in the field for 

sampling.  In addition to routine sampling for the reported esters and their corresponding 

alcohols, periodically a much more sensitive SPME fiber, carboxen-

polydimethylsiloxane, was used to qualify any trace analytes in the soil gases.  This fiber 

was not used for routine sampling because of its tremendous sensitivity, relatively low 

linear range, and its adsorption nature, leading to analyte competition and hindering 

quantification.  Qualification was performed with or without baseline subtraction, with 

tentative identification of analytes using derivative spectra comparison with the NBS75K 

database and data processing software (Hewlett Packard, Palo-Alto, CA). 
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Concentration Estimates 

Laboratory standards of 0, 5, 20, and 100 ppmv were run for weeks 0, 1, 2, 3, 4, 5, 6, 7, 9, 

10, 11, 16, and 19.  In timing for the breakthrough of n-propyl alcohol and n-propyl 

acetate in the 10-ft deep port of the sampling well, approximately 4 feet from the propyl-

acetate receiving well in direction towards the center extraction well, the full compliment 

of standards were analyzed, including 0, 1, 5, 20, and 100 ppmv of the 6 analytes, at 

weeks 22, 23, 24, 31, 32, 36, 37, 43, and 49.  Problems occurred at several times in the 

experiment, and therefore at weeks 8, 14, 17, 18, 20, 21, 42, and 45, standards of only 0 

and 100 ppmv were run, and at weeks 15 and 30, only the 0, 5, and 100 ppmv standards 

were analyzed.  All concentrations were calculated in an identical fashion, by graphing 

concentration versus integrated area and forcing the fit through zero.  All values were 

reported as processed, with nondetectable concentrations handled as zeros.  However, for 

the purposes of specifically testing the GCMS system over time (Chapter 3 of this 

dissertation), only standard curves with the full compliment of concentrations, 0, 1, 5, 20, 

and 100 ppmv, were used. 

 

RESULTS AND DISCUSSION 

Influent systems consistently delivered close to the target 2000 ppmv (Figures 2-4) 

except the isopropyl acetate influent, which was consistently elevated (Figure 4).  Data 

from all wells revealed small concentrations of several compounds, but well 32-10, near 

the n-propyl acetate injection point, at about 4 feet of horizontal travel and at 10 feet 
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below ground, showed a breakthrough of the hydrolysis product n-propyl alcohol and the 

parent n-propyl acetate after 24 weeks of injection (Figure 3).  When n-propyl alcohol 

and n-propyl acetate was observed in this well, propanal was also identified by the 

routine SPME-MS sampling, at week 24, with a quality of the spectral match of 83.  

Also, gas analyses from well G42-10, near the isopropyl acetate injection point, showed 

likely breakthrough of the parent isopropyl acetate.  Additionally, at weeks 22, 23 and 24, 

from the same well, G42-10, acetone was routinely identified, with spectral match quality 

of 90.  Well G-41-10 did not produce gas, due to plugging or crimps in the sampling 

lines.  No other definite breakthrough of volatiles was found.  The freon, methylene 

chloride have been reported to have been in historically large discharges at the Pantex 

facility (Ramsey, R.H. et al. 1995).  Traces of several other compounds were additionally 

detected at week 29 (Table 2) and week 36 (Table 3), using the sensitive carboxen-PDMS 

fiber. 

 

Tedlar bags compared to glass sampling bulbs 

In nearly all cases, glass sampling bulbs outperformed Tedlar bags (Table 4).  It should 

be noted that in weeks 44 and 45, a filament may have nearing failure in the mass 

selective detector.  The instrument continued to pass the autotune internal diagnostics, yet 

the filament failed shortly after the last run of week 45.  This may explain some of the 

differences between the bags and the sampling bulbs during these two weeks.  Each 

sample was run once; therefore, inconsistent signal output, due to filament deviances, 

could account for the large discrepancies in signal.   
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Explosives Concentrations 

During the course of the carbon injection system, the averages in explosives 

concentration did not appreciably change.  As arithmetic means, initial concentrations of 

RDX, and 1,3,5-TNB were 17.6 and 18.4 ppm, respectively.  After this study, the 

concentrations were 18.4 ppm RDX and 17.1 ppm 1,3,5-TNB.  There was likely too 

much oxygen in the field site, preventing effective degradation of RDX and HMX.  

Further, the site remained untarped during the span of time when the HE levels 

rebounded (as compared to an earlier, published study of the same field site).  We 

hypothesized that the HE may have repartitioned in to the water phase during rainwater 

recharge at this time, either due to previously unavailable dissolved or soil-attached HE, 

or from dissolving of particulate HE in the surficial levels of soil. 

 

CONCLUSIONS 

The analytical method chosen was adequate for application to the field site.  The onset of 

parent compound and metabolite formation was evident well above the instrumental 

baseline noise.  Additionally, consistently using the MS in scanning mode was in 

retrospect a good choice as several unforeseen metabolites as well as contaminants were 

observed.  Even so, a better design would have been to have separate housing structures 

for the field-gas delivery systems, where relatively large volumes of the neat analytes 

were used, away from a second building containing the extraction and sampling 

equipment. 
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Figure 5.1.  Analysis of organics in field gas samples measured along the 
nitrogen injection flow path. 
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Figure 5.2.  Analysis of organics in field gas samples measured along the 
isobutyl acetate injection flow path.  One point, day 0, influent, at 24,100 ppmv of 
isobutyl acetate, was omitted for graphical clarity. 
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Figure 5.3.  Analysis of organics in field gas samples measured along the n-
propyl acetate injection flow path. 
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Figure 5.4.  Analysis of organics in field gas samples measured along the 
isopropyl acetate injection flow path. 
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Figure 5.5.  Analysis of organics in field gas samples measured at 
the extraction well. 
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Table 5.1.  Calibration slopes from the entire experiment, n=23. 
mean stdev %RSD

n-propyl alcohol 410 105 25.7
isopropyl alcohol 1015 261 25.7
isobutyl alcohol 1758 516 29.4

isopropyl acetete 2059 1131 54.9
n-propyl acetate 4107 1622 39.5
isobutyl acetate 5582 1247 22.3
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Table 5.2.  Week 29 analysis using the, carboxen-polydimethylsiloxane SPME-
MS analysis for qualification of trace gases.  Qualities of the spectral matches 
are listed in parentheses. 
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Sample Name Compounds (quality of spectral match)
effluent trichloromonofluoromethane (74)

1,1,2-trichloro-1,2,2-trifluoroethane (freon) (91)
isopropyl alcohol (74)
methylene chloride (91)
bromochloromethane (97)
isopropyl acetate (83)
trichloroethylene (97)
dibromomethane (91)
n-propyl acetate (83)
toluene (80)
isobutyl ether (80)
isobutyl acetate (78)
tetrachloroethylene (86)

G22-10 ethanol (83)
butanal (83)
acetone (86)
methylene chloride (90)
bromochloromethane (97)
1-(ethenyloxy) butane (80)
isobutyl alcohol
isopropyl acetate (83)
dibromomethane (91)
n-propyl acetate (74)
2-methyl-ethyl propanate (58)
toluene (42)
isobutyl acetate (59)
2-methyl-3-hexanone (72)
n-butyl ether (64)
2-ethyl hexanal (45)
1,1,-diethoxy-2-methyl-propane (72)
2-ethoxy butane (47)
di-sec-butyl ether (47)

G21-7 acetone (80)
isopropyl alcohol (83)
methylene chloride (90)
n-propyl alcohol (72)
bromochloromethane (97)
1-(ethenyloxy) butane (80)
isobutyl alcohol (83)
isopropyl acetate (83)
n-propyl acetate (83)
2-methyl ethyl propanate (95)
isobutyl ether (90)
isobutyl acetate (72)
2,4-dimethyl-3-pentanone (80)
n-butyl ether (47)
1,1,-diethoxy butane (72)
di-sec-butyl ether (47)
2-methyl-2-methylpropyl propanate (72)



 

Table 5.3.  Week 36 analysis using the, carboxen-polydimethylsiloxane SPME-
MS analysis for qualification of trace gases.  Qualities of the spectral matches 
are listed in parentheses. 
Sample Name Compounds (quality of spectral match)
G42-10 1,1,2-trichloro-1,2,2-trifluoroethane

acetone
n-propanol
isopropyl acetate
trichloroethylene
n-propyl acetate
isobutyl acetate

G32-10 propanal (91)
acetone (83)
2-propen-1-ol (87)
n-propanol (91)
2-butanone (78)
ethyl acetate
n-propyl acetate (83)
propionic acid, propyl ester (72)
2-pentenal, 2-methyl (90)
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Table 5.4.  Comparisons of Tedlar sampling bags with the glass sampling bulbs 
using field samples from two wells, plus a 100 ppmv standard filled at the field 
site.  Data are presented as:100 X {(area glass sampler)-(area Tedlar bag)}/(area 
glass sampler). na = not applicable because the analyte was not detectable. 

Analytical Date Week 37 100 ppm STD (field) G32-10 G42-10
3/14/2003 % diff % diff % diff

n-propyl alcohol 11.4 18.9 na
isopropyl alcohol 15.5 na na
isobutyl alcohol 15.8 na na
isopropyl acetate 17.3 na 71.4
n-propyl acetate 11.5 11.5 -15.7
isobutyl acetate 13.8 -339.7 17.4

Analytical Date Week 42 100 ppm STD (field) G32-10 G42-10
4/19/2003 % diff % diff % diff

n-propyl alcohol 12.7 25.1 na
isopropyl alcohol 7.4 na na
isobutyl alcohol 10.9 na na
isopropyl acetate 7.4 na 13.6
n-propyl acetate 11.6 0.9 -74.8
isobutyl acetate 12.0 na na

Analytical Date Week 43 100 ppm STD (field) G32-10 G42-10
4/28/2003 % diff % diff % diff

n-propyl alcohol 4.2 27.7 na
isopropyl alcohol 2.1 na na
isobutyl alcohol -1.0 na na
isopropyl acetate 10.3 na 67.5
n-propyl acetate 11.7 18.4 68.2
isobutyl acetate 8.7 59.3 100.0

Analytical Date Week 44 100 ppm STD (field) G32-10 G42-10
5/4/2003 % diff % diff % diff

n-propyl alcohol 42.1 34.9 na
isopropyl alcohol 38.0 na na
isobutyl alcohol 43.6 na na
isopropyl acetate 42.7 na 40.3
n-propyl acetate 43.9 16.7 -177.0
isobutyl acetate 45.5 na -2365.5

Analytical Date Week 45 100 ppm STD (field) G32-10 G42-10
5/10/2003

n-propyl alcohol -151.2 78.2 na
isopropyl alcohol -168.6 na na
isobutyl alcohol -129.1 na na
isopropyl acetate -102.1 na 78.6
n-propyl acetate -124.6 65.1 71.7
isobutyl acetate -94.1 na na
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CHAPTER VI 

IN SITU MICROCOSM (PATENT) 

 
 
 
 
 
 
 
 
 

 

Pollution of subsurface waters and soils are a common problem across the United 

States and the world.  However, a growing body of evidence suggests that laboratory 

studies, particularly those involving bioremediation, do not accurately mimic what occurs 

in the field.  Laboratory scale treatability studies are often performed to determine the 

efficacy of various in situ treatments for these sites and pollutants. 

These laboratory studies usually involve removal of sediments and/or 

groundwater and subjecting these materials to treatments in the lab, followed by an 

assessment of the likelihood of these treatments to achieve cleanup objectives in the field. 

Obtaining samples for use in the lab often causes stress to the biota in these samples, 

which results in shifts in the microbial community.  Subsequently, data generated from 

these altered communities may not be predictive for the field site.  A device that performs 

laboratory scale experiments, in the field, is a way to overcome these laboratory 

shortcomings. 

For a part of this dissertation, and in a team with Mr. Brad Blackwelder, I 

designed and developed a device that operates as an in situ, flow through, reactor 

(FTISR: see the Appendix).  This bioreactor is deployable using existing boring and 

sampling technology and suitable for use in the vadose and saturated zones.  The device 

can be monitored and experimental conditions adjusted from the surface.  Further, the 

device can be removed with the core material intact for further assessment.  Amendments 
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can be added and sampling can be performed in either a continuous or batch 

configuration.  This device will improve the accuracy of treatability studies and enable 

researchers to perform innovative experiments in the field.  On January 27th 2004, the 

reactors received US Patent #6,681,872 “In Situ Reactor.” 

The FTISR can be operated in one of three modes.  Typically it is operated in the 

up flow mode.  In this mode, the extraction will be roughly 10-times the treatment 

addition, approximating a 10-fold dilution in the field.  The flow path may easily be 

reversed to create a downward flow for situations requiring a flow of pure amendment 

additions.  In this down flow mode, the captured soil core comes into contact with 100% 

of the added treatment, with little or no influence from the groundwater and gases in the 

surrounding formation.  Finally, we can operate in a pulsed mode, where the flows are 

added and held, subtracted and held, etc.  This can be performed where extremely long 

contact times of the mobile phase with the captured soil core are necessary. 

Using the FTISR in replacement of laboratory studies, many artifacts disappear, 

including errors from lab to field differences in temperature, microbial communities, 

dissolved gases, soil disturbances, and lab errors resulting from a lack of continual 

microbial recruitment from the surrounding formation.  Additionally, the overhead costs 

of laboratory treatability testing disappear, making the reactor much less expensive than 

lab testing. 

Further, the reactors allow mass balance closure in contaminant precipitation 

studies, as the core may be removed after the investigation is complete.  Also unique, the 



 

 
128 

treated core containing the precipitated contaminant may be tested for remobilization by 

challenging with the appropriate acid or oxidative challenges, in situ. 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

The sum of the work presented in this dissertation was aimed at assessing the 

potential for bioremediation of explosives in vadose zone soil.  As such, soil was 

characterized for explosives contamination at a field site, a soil gas analytical system was 

validated, several decontamination methods were tested in the lab and field, and a device 

for field-testing remediation technologies at the laboratory-scale was invented. 

First a field site with explosives contamination was characterized.  At the field 

site, particulate explosives on a historical explosives testing site were found and 

quantified in Chapter 2.  It was found that approximately 95% of the explosives 

contamination exists as particles retained on a 3 mm screen, at a site within the Idaho 

National Engineering and Environmental Laboratory (INEEL) site.  The particulate 

explosives consisted of essentially 100% TNT by HPLC.  The background matrix 

contamination, or stained soil, contained the remaining approximately 5% of the residual 

TNT contamination.  This distribution of contamination impacts sereral aspects of 

environmental restoration: site characterization, risk assessment, as well as remediation 

activities.  The effect of particulate explosives is currently under investigation by several 

research groups, for estimating the contribution of such solid explosives to soil and 

groundwater contamination. 

Next, a system to analyze organic compounds in soil gases was developed and 

validated.  Soil vapor analytical systems require analytical techniques that allow for the 
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quantification of specific target analytes, yet remain flexible for the identification of 

tentatively identified compounds (TICs).  In Chapter 3, a gas chromatography-mass 

selective detection (GC-MS) system coupled with solid phase microextraction (SPME) 

method for volatiles was validated.  Under the broad range of test concentrations, 

analytes, and operators, the method was found to be acceptable using the criteria of a 

relative standard deviation of 15%, as defined by the USEPA Method SW846-8260B 

(volatile organics).  Further, the error associated with the method validation was found to 

likely lie within the preparation of standards, rather than with the instrumentation.  The 

relative proportions of error was found to trend, from greatest to least, as concentration 

effects>daily effects>operator effects. 

Next, in the laboratory, vadose zone soil was screened using a series of vapor 

phase additives, to test for the effects of added volatile carbon sources including isobutyl 

acetate, isopropyl acetate, n-propyl acetate, ethanol, and the electron acceptor nitrous 

oxide (Chapter 4).  The method presented in Chapter 3 was used to investigate the soil 

gases.  In anaerobic batch studies, the carbon sources were found to increase the 

degradation rate of 1,3,5-trinitrobenzene.  Added into anaerobic systems, the carbon 

sources also promoted the indigenous microflora in the soil to degrade RDX.  In 

anaerobic column studies; however, the effect of explosives degradation was much less 

pronounced.  This effect may stem from a transiently produced volatile metabolite that is 

needed for explosives degradation.  The transiently produced volatile metabolite is 

speculated to be hydrogen gas, or possibly carbon dioxide, each of which could have built 

up in sealed batch cultures but continually were swept through in the column studies. 
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The effect of the addition of volatile organics was then assessed in the field, 

bringing together chapters 2, 3, and 4 into a real world application (Chapter 5).  In this 

setting, the GCMS system for the analysis of volatiles performed satisfactorily.  The 

required analytes were quantified, and several unexpected TICs were found, including a 

few volatile halogenated organics that may have come from past degreasing activities at 

the Pantex field site.  The Tedlar bags used to sample and transport the soil gas samples 

were found to leak, sometimes enough to flatten the bags, and were subsequently 

compared with glass sampling bulbs in samples that were showing breakthrough of the 

carbon source additions.  The glass bulbs showed superior leak resistance as compared to 

the Tedlar bags, although for the purpose at hand, the bags gave indicative quantities 

robust enough to track the flow path of the organics.  The organics for the field 

application did not flow throughout the field site, instead only breaking through 

definitively at one gas monitoring well.  This was due to a conservative choice of 

organics; heavily weighing the decision based on the desire to not add to the long-term 

pollutants at Pantex. 

All laboratory studies that rely on intact populations of soil microflora have 

inherent uncertainties.  These uncertainties result from losing members of the in situ 

population; the addition of microorganisms (contamination) during sampling, transport, 

and set up of the tests; soil disturbance effects; soil gas change effects; temperature 

changes; and the lack of continuing microbial recruitment during laboratory studies.  As 

such, the data from the laboratory studies in this dissertation, primarily Chapter 4, would 

be much more representative if the experiments were performed on relatively undisturbed 
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soil cores in situ at the site of interest.  Due to costs, larger, typically designed field tests 

such as between well injections and recovery, as well as push-pull tests are too expensive 

to investigate a suite of remediation parameters.  A small, lab-scale system is therefore 

needed to apply to the field.  The Flow-Through, In Situ Microcosm (FTISM) was 

invented directly to meet this objective (Chapter 6).  The device was conceived of, 

designed, at the INEEL, and then the first prototype was built and installed at The 

Institute of Environmental and Human Health (TIEHH) in Lubbock.  The original device 

was installed through 18” of caliche and gave adequate results in a vapor phase tracer test 

using butane as a nonconsertive tracer, with photoionization detection (PID).  Next, 2 

more prototypes were built and tested both in situ and laboratory settings.  The in situ 

microcosms may have a valid use at metal and transuranic precipitation sites, as well as 

sites with organic contamination, as the precipitated contamination within the barrel of 

the device may be removed and tested.  Additionally the precipitated contamination in the 

reactor may be tested for contaminant remobilization in situ.  Remobilization testing may 

be accomplished by adding a slug of carbon acid, for example a 50-year acid rainfall 

simulation, or as additions of oxygenated water, while monitoring for contaminant 

remobilization. 
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APPENDIX  

UNITED STATES PATENT - IN SITU REACTOR 
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